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Resume 
Les objectifs du present travail sont relatifs a une etude cinetique et a la caracterisation des 
biofiltres avec et sans percolation garnis avec des materiaux inertes pour le traitement du 
methanol, de l'ethanol et du toluene. La these est divisee en trois sections. 
La premiere section est une introduction a la biofiltration, d'un point de vue theorique et 
experimental. II est demontre que l'ethanol peut etre traite par biofiltration par percolation 
avec une faible concentration d'azote present dans la solution nutritive en obtenant des 
rendements eleves. Cette etude a permis de developper des techniques d'entretien du biofiltre 
et de controle de la biomasse dans le lit garni. 
La deuxieme section comprend une serie d'etudes pour caracteriser des biofiltres avec et sans 
percolation pour traiter du methanol. Des nouvelles methodes experimentales ont ete 
developpees. Par exemple, une methode pour calculer 1'accumulation de biomasse dans le lit 
garni du biofiltre a ete mise au point. Pour le biofiltre percolateur, des methodes pour obtenir 
le coefficient de partition du methanol et le taux de production de la biomasse ont ete 
developpees. Les roles du biofilm et de la solution nutritive dans la performance des biofiltres 
percolateurs ont egalement ete analyses. Les deux etudes de cette section permettent 
d'approfondir la comprehension des mecanismes de biodegradation du methanol. 
La troisieme section concerne des etudes cinetiques des biofiltres avec et sans percolation. La 
premiere etude propose une nouvelle methode experimentale pour calculer les parametres 
microcinetiques relies a la croissance microbienne. La deuxieme etude compare les 
comportements microcinetique et macrocinetique lors du biotraitement du methanol et du 
toluene. L'influence des conditions operatoires sur la croissance microbienne et la capacite 
d'elimination est analysee. L'etude comprend entre autres l'identification d'indicateurs 
energetiques des biofiltres avec et sans percolation qui sont necessaires lors de l'etablissement 
des bilans d'energie et de l'estimation de la temperature dans le lit garni. 
Mots cles : Composes organiques volatils, biofiltration, biofiltre percolateur, microcinetique, 
macrocinetique, biofilm 
Abstract 
The objectives of this work are related to the kinetic study and characterization of air 
treatment biofilters with and without percolation which were packed with inert packing 
materials in order to treat methanol, ethanol and toluene vapours. The thesis is divided into 
three sections. The first section contains a bibliographic introduction to biofiltration and an 
experimental study. The review of experimental work shows that methanol, ethanol and 
toluene can be treated in biofilters with or without percolation. In the experimental study of 
this section, ethanol is treated in a biotrickling filter at low nitrogen concentrations in the 
nutrient solution and high removal efficiencies are obtained. In this study, experimental 
protocols for maintaining the biofilter and controlling the biomass content in the packing bed 
were developed. 
The second section is composed of two experimental studies for characterizing biofilters with 
and without percolation in order to treat methanol. A methodology for calculating the biomass 
accumulated in the packing bed of a biofilter is among the new experimental protocols 
developed in this study. In the case of biotrickling filter, methodologies for determining the 
partition coefficient of methanol and the biomass production rate were developed. The role of 
the biofilm and the nutrient solution on bioflter performance was also analyzed. The studies of 
this section lead to a better comprehension of methanol biodegradation in biofilters. 
The third section contains two kinetic studies for biofilters with and without percolation. In 
the first study, a new experimental methodology is proposed to calculate microkinetic 
parameters related to microbial growth in a biofilter. In the second study, the microkinetic and 
macrokinetic behaviors of methanol and toluene biodegradation are compared. The influence 
of operating conditions on microbial growth and elimination capacity is also analyzed. This 
study includes the identification of energy indicators of biofilters with and without 
percolation, which could be used in energy balances and for estimating the temperature of 
packing bed. 
Key words: Volatile organic compounds, biofiltration, biotrickling filter, microkinetics, 
macrokinetics, biofilm 
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Le present travail presente les resultats d'une recherche bibliographique et experimentale sur 
la biofiltration avec et sans percolation de l'air pollue par des composes organiques volatils 
(COV). La section I est une introduction a la biofiltration avec et sans percolation. Cette 
section comprend le chapitre 1 qui definit l'etat de l'art sur la biofiltration. Dans le chapitre 1, 
le principe d'operation des biofiltres ainsi que les facteurs qui affectent leur performance sont 
discutes. Les microorganismes presents a l'interieur des biofiltres, les nutriments ajoutes aux 
biofiltres, les polluants a traiter et les garnissages utilises sont egalement discutes. Les 
parametres pour evaluer et suivre la performance des biofiltres sont expliques. Le chapitre 1 
aborde aussi les modeles biophysiques qui decrivent le fonctionnement du biofilm en termes 
des phenomenes de transport et des reactions qui ont lieu dans le biofilm. Les modeles 
mathematiques qui ont ete developpes pour simuler la performance des biofiltres ainsi que les 
modeles cinetiques de croissance microbienne et de biodegradation des polluants sont 
mentionnes. 
Le chapitre 2 decrit la mise en marche et la caracterisation d'un biofiltre percolateur pour 
traiter des vapeurs d'ethanol. Ce chapitre permet de se familiariser avec les parametres de 
performance caracteristiques d'un biofiltre percolateur, le controle de la biomasse, l'entretien 
de l'equipement et les mesures analytiques les plus courantes realisees au laboratoire. Le 
chapitre 2 montre egalement 1'etude experimentale ayant comme but le traitement de l'air 
pollue avec de fortes charges d'ethanol. L'etude depasse les seuils de concentration d'ethanol 
generalement utilises dans des biofiltres traditionnels et ouvre la porte au debat sur le 
traitement des COV aux concentrations et charges reservees traditionnellement aux precedes 
physico-chimiques. L'etude a aussi eu comme but d'operer un biofiltre percolateur a faibles 
concentrations de nutriments dans la solution nutritive, ce qui lui confere des avantages d'un 
point de vue economique. 
Les sections II et III sont d'ordre experimental. La section II comprend deux chapitres qui 
analysent le role du biofilm sur la performance des biofiltres avec et sans percolation. Le 
COV utilise dans ces deux etudes est le methanol. Le chapitre 3 decrit la biofiltration du 
methanol dans des biofiltres garnis avec des materiaux inertes. L'etude analyse les effets des 
conditions d'operation sur la population microbienne, specifiquement la dynamique des 
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microorganismes specifiques (methylotrophes) et non specifiques au methanol. D'autres 
facteurs contribuant a l'activite microbienne ont ete etudies, tels Y accumulation de biomasse 
et le contenu d'eau dans le lit garni. Afin de caracteriser adequatement le lit du biofiltre, des 
methodes experimentales ont ete developpees, telle celle relative au calcul de la moyenne 
ponderee de biomasse presente dans le lit filtrant, ce qui s'avere utile pour le bilan de carbone 
realise dans cette etude et pour le calcul des parametres cinetiques du chapitre 6. 
Le chapitre 4 est une etude relative au traitement du methanol avec un biofiltre percolateur. 
Les effets des variables telles la concentration d'azote, le temps de residence et la charge de 
methanol sur la performance du biofiltre percolateur ont ete etudies. Ce chapitre montre le 
role de la solution nutritive dans 1'enlevement des polluants solubles dans l'eau a l'interieur 
des biofiltres percolateurs. Dans cette etude a aussi ete aborde le traitement du methanol a 
hautes concentrations et charges. A la difference du chapitre 2, l'elimination du polluant par 
biotransformation en biomasse ou dioxyde de carbone ou par absorption dans la solution 
nutritive est analysee de facon detaillee. Les coefficients de rendement du methanol en 
biomasse ou en dioxyde de carbone sont analyses, afin d'etre utilises dans le calcul des 
parametres cinetiques du chapitre 6. Cette etude a permis de developper une nouvelle 
methode pour la caracterisation du biofiltre percolateur: la determination du coefficient de 
partition du methanol pour un biofiltre percolateur en operation. Le coefficient de partition 
peut etre utilise dans des modeles mathematiques et des modeles cinetiques. 
La section III est relative a la cinetique de la croissance microbienne et a la biodegradation des 
COV. Le chapitre 5 montre le developpement d'une nouvelle methode experimental pour 
calculer les parametres cinetiques de croissance d'un biofilm developpe dans un biofiltre 
traitant du methanol. La methode consiste en la determination des parametres cinetiques sous 
des conditions proches de celles auxquelles le biofilm est expose dans un biofiltre operant en 
regime quasi-permanent. Une procedure mathematique a ete adaptee pour calculer les 
parametres cinetiques a partir des concentrations de methanol et de dioxyde de carbone dans 
la phase gazeuse d'un bioreacteur. La procedure mathematique etablit une difference entre la 
quantite de methanol absorbe et de methanol biodegrade. Le chapitre 6 est une etude sur la 
cinetique des biofiltres avec et sans percolation pour traiter le methanol et le toluene. Le 
calcul des parametres cinetiques de croissance microbienne et de biodegradation des polluants 
permet de faire une comparaison entre le biofiltre percolateur et le biofiltre ainsi qu'entre les 
- 2 -
polluants traites avec la biofiltration traditionnelle. Des modeles cinetiques pour calculer la 
croissance microbienne et la capacite d'elimination sous des conditions reelles d'operation 
sont testees pour des biofiltres presentant de 1'inhibition liee a la concentration elevee du 
polluant. L'etude montre les effets des conditions d'operation sur la croissance microbienne 
ainsi que sur la capacite d'elimination. Une breve analyse d'indicateurs energetiques utiles 
lors du calcul de transfert de chaleur et de la temperature dans le lit garni est presentee dans ce 
chapitre. 
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SECTION I. BIOFILTRATION AVEC ET SANS 
PERCOLATION DES COMPOSES ORGANIQUES 
VOLATILS 
- 4 -
Chapitre 1. Biofiltration de 1'air pollue. 
Les composes organiques volatils (COV) sont issus de diverses industries, telles les usines 
petrochimiques, pharmaceutiques ou de pates a papier. Ce sont des composes organiques, 
liquides ou solides (par exemple hydrocarbures, cetones et alcools), « ayant une pression de 
vapeur superieure ou egal a 0.01 kPa a une temperature de 293.15 K ou ayant une volatilite 
correspondante sous des conditions d'utilisation particulieres » (LE CLOIREC, 1998). Suite 
aux problemes qu'ils generent sur l'environnement et la sante humaine, les emissions des 
COV sont de plus en plus controlees (COMMUNICATION CANADA, 2003). Selon 
l'Inventaire National des Rejets de Polluants (ENVIRONNEMENT CANADA, 2007), en 
2006 au Canada les rejets du methanol (16337 tonnes), des xylenes (5446 tonnes), du toluene 
(4359 tonnes) et du n-hexane (4358 tonnes) a l'air, totalisant 30500 tonnes, ont represente 
presque un tiers (28 %) des 108910 tonnes des emissions atmospheriques totales des 
composes dangereux. 
Pour faire face a cette problematique, il s'avere essentiel de developper des technologies 
capables de respecter les normes environnementales en vigueur, mais aussi competitives au 
niveau cout par rapport aux technologies classiques existantes telles 1'incineration, 
1' adsorption ou 1'absorption. Pour le controle de grands debits volumiques d'air, de 100 a 
1000000 m3 h"1, a. faible concentration en COV, de 0.1 a 10 g m"3, ces technologiques 
classiques se montrent particulierement dispendieuses (IRANPOUR et coll., 2001; JORIO et 
coll., 1999; COOPER et coll., 2002). Une alternative interessante par rapport aux 
technologies classiques est le biotraitement des emissions de COV. En general, les 
biotechnologies sont peu energivores et peu consommatrices de produits chimiques et 
presentent des couts d'operation moins eleves que ceux relatifs aux precedes traditionnels 
(KENNES et coll., 1998). Elles ont l'avantage de ne pas produire de rejets dangereux 
secondaires tels le monoxyde de carbone, les oxydes d'azote et les cendres. 
1.1. Bioprocedes pour traiter de l'air pollue. 
II existe 3 systemes biologiques a echelle industrielle pour traiter les COV : le biolaveur, le 
biofiltre et le biofiltre a percolation. Le mode operatoire de chaque precede est decrit 
brievement ci-dessous et les principales caracteristiques, ainsi que les avantages et les 
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inconvenients sont indiques dans le Tableau 1.1. Pour completer la description, les trois 







































Figure 1.1. Representation schematique des trois principaux types de 
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Tableau 1.1. Principales caracteristiques des unites de biotraitement des 
effluents gazeux. 
1.1.1. Biolaveur. 
Ce precede est recommande pour des composes tres solubles dans l'eau qui presentent un 
coefficient d'Henry inferieur a 0.01. Celui-ci est defini comme le rapport de la concentration 
du compose dans la phase gazeuse sur la concentration du compose dans la phase liquide. Le 
biolaveur est constitue de deux etapes : une etape d'absorption suivie d'une etape d'oxydation 
biologique. Dans 1'etape d'absorption, le gaz pollue est mis en contact dans une colonne 
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d'absorption avec un liquide « absorbeur » tel une solution aqueuse. A la sortie de cette unite, 
le liquide est envoye dans un bior6acteur afin de bioconvertir les polluants absorbes en 
dioxyde de carbone, en eau et en biomasse. L'unite d'absorption est alimentee en continue 
par la phase liquide. Grace au renouvellement constant de la solution nutritive, divers 
parametres d'operation sont controles dans le biolaveur, comme le pH et la concentration des 
nutriments. Ce precede est le plus cher des trois biotraitements parce qu'il requiert plus 
d'equipements que les deux autres et il consomme aussi plus d'energie pour son 
fonctionnement. 
1.1.2. Biofiltre. 
Les composes a traiter par biofiltration doivent posseder un certain degre de solubilite dans 
l'eau; ils ont en general un coefficient d'Henry qui n'excede pas 10. Ce precede est le plus 
simple et le moins cher des trois systemes biologiques. C'est un reacteur rempli de materiaux 
solides, generalement d'origine organique (compost, tourbe, copeaux de bois, morceaux de 
racines, etc.). L'avantage d'utiliser un materiel organique est l'apport de nutriments 
intrinseques au lit filtrant et d'une microflore indigene, laquelle peut etre developpee et 
acclimatee aux polluants. Le biofiltre est opere en passant un debit d'air pollue au travers du 
lit. Un biofilm se developpe sur la surface du lit, degrade les polluants et libere des dechets 
cellulaires et des produits issus de la bioreaction : dioxyde de carbone, eau et sels. Des 
nutriments sont ajoutes periodiquement par 1'intermediate de la solution nutritive sur le lit 
afin de favoriser la reaction de biodegradation. 
1.1.3. Biofiltre a percolation. 
Les composes ayant un coefficient d'Henry inferieur a 1 sont bien degrades par la biofiltration 
par percolation. Le principe d'operation d'un biofiltre percolateur consiste a faire diffuser de 
l'air pollue par des COV a travers un lit garni de particules solides synthetiques humides. Sur 
le garnissage sont immobilises des microorganismes agissant comme catalyseurs de 
biodegradation des polluants. Comme dans les autres precedes biologiques, les 
microorganismes utilisent les COV comme source de carbone et d'energie. L'air pollue est 
injecte dans le bioreacteur et les polluants diffusent ensuite de la phase gazeuse vers le 
biofilm, dans lequel ils sont absorbes et biodegrades. Les dechets cellulaires volatils passent 
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dans la phase gazeuse et sont transporters par convection vers la sortie du reacteur. Le COV 
n'est transforme que s'il est absorbe dans le biofilm, ce qui explique que la biodegradabilite 
des COV varie selon la solubilite" du COV dans l'eau. 
En plus du carbone, les microorganismes requierent la presence d'elements nutritifs tels que 
1'azote, le phosphore, le soufre et le potassium, ces derniers elements etant fournis par 
1'intermediate de la solution nutritive, laquelle est ajoutee continuellement sur le garnissage 
pour assurer une alimentation adequate en nutriments, indispensables au bon fonctionnement 
des microorganismes. 
1.2. Facteurs qui affectent la biofiltration avec et sans percolation. 
1.2.1. Microorganismes. 
Les microorganismes constituent le coeur d'un precede biologique. Us degradent les 
molecules de COV pour se nourrir et utiliser l'energie reliee a la degradation. Cette energie 
est employee pour satisfaire leurs besoins metaboliques. 
Des que les microorganismes sont adaptes aux conditions du biofiltre, ils croissent sur la 
surface solide du garnissage en formant une biopellicule. La biopellicule ou biofilm augmente 
d'epaisseur grace au developpement des nouvelles couches microbiennes qui viennent 
s'agencer sur les precedentes. La partie exterieure du biofilm est nettement aerobie suite au 
contact constant avec le courant gazeux qui contient l'oxygene. A l'interieur de la couche les 
microorganismes meurent a cause de l'absence d'oxygene et de nutriments et leur 
decomposition a lieu. Ces microorganismes servent de nutriments pour les microorganismes 
externes et participent aussi a l'epaississement du biofilm. Comme ils ne sont plus capables 
de produire des biomolecules extracellulaires, ils perdent leur capacite d'adhesion ce qui 
provoque leur detachement de la biopellicule. Dans un biofiltre sans percolation, la biomasse 
s'accumule jusqu'a colmater le lit garni en obstruant les voies d'ecoulement du gaz et du 
liquide. Dans un biofiltre percolateur, les agglomerats de biomasse detachee sont transportes 
par la solution nutritive dans le reservoir de solution nutritive, les plus grands agglomerats 
sedimentent en formant les boues, et peuvent etre ainsi separes par sedimentation et enleves 
par un courant de « purge ». Les petits agglomerats restent en suspension dans la solution 
nutritive et possedent une activite biologique. COX et coll. (2000b) ont observe, en travaillant 
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avec le toluene, que ces agglomerats participent a la biodegradation du COV de fagon 
considerable. 
Inoculum ou microorganismes 
Boues provenant d'un biofiltre 
qui traite le meme polluant 
Garnissage d'un biofiltre qui 





SMITH et coll., 2002 
COX et coll., 2000b 
SMITH et coll. 1996 
Boues acclimatees au polluant: 
- d'une cabine de peinture pour 
les automobiles 
- d'un etang de boues activees 
- dans un laboratoire de facon 
aerobie 
Benzene polyalkyle HEKMAT et coll., 1997 
Styrene CHOU et coll., 1998 
Ether diethylique ALONSO et coll., 2000 
RIHN et coll., 1997 
Souches pures : 
- Rhodococcus sp. et 
P. fluorescens 
- Hyphomicrobium sp. GJ21 
- Rhodococcus erythropolis 
Acetate d'ethyle, 
acetone et 
1- et 2-propanol 
Dichloromethane 
Styrene 
KIRCHNER et coll., 1996 
DIKSetcoll., 1994 
TRESSE et coll., 2002 
Sources diverses : 
- Consortium d'une culture 
methanotrophique 
- Consortium adapte dans une usine 
pilote pour degrader le polluant 
- Adaptation de microorganismes 
presents dans l'eau 
- Microorganismes du lixiviat 
genere par le compostage 
- Terre et eau souterraine 
polluees par le polluant a traiter 
Isobutane et BARTON et coll., 1997 
n-pentane 
Disulfure de carbone ALCANTARA et coll., 
1999 
Methylethylcetone CHOU et coll., 1997 
Ethanol COX et coll., 2001 
Ether de methyle tert- FORTIN et coll., 1999 
butyle (MTBE) 
Tableau 1.2. Microorganismes inocules ou identifies dans certains biofiltres 
percolateurs. 
Presque tous les microorganismes utilises lors de la biofiltration doivent s'acclimater pour etre 
capables de survivre et de grandir sous des nouvelles conditions d'operation. L'inoculation 
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permet d'initier la formation de la biopellicule et/ou d'ameliorer la performance d'un biofiltre 
presentant des problemes d'acclimatation ou un faible taux de degradation. Plusieurs auteurs 
rapportent l'utilisation d'inoculum issu de sites pollues. En general il est ajoute directement 
sur le garnissage du biofiltre ou dans la solution nutritive (FORTIN et coll., 1999 ; HEKMAT 
et coll., 1997 ; COX et coll., 2001). Les boues des usines de traitement des eaux usees 
constituent une autre source d'inoculum, en particulier celles qui recoivent des eaux contenant 
le polluant d'interet (CHOU et coll., 1998; RIHN et coll., 1997). Cependant la source la plus 
commune sont les boues qui proviennent de biofiltres traitant le meme polluant (SMITH et 
coll., 2002; COX et coll., 1999; COX et coll., 2000a). II existe cependant quelques etudes sur 
l'utilisation de souches pures pour traiter de l'air par biofiltration (DIKS et coll., 1994; 
TRESSE et coll., 2002). Le Tableau 1.2 mentionne les microorganismes repertories dans 
divers biofiltres sous forme de consortium ou de monocultures. 
1.2.2. Garnissage. 
Les caracteristiques suivantes definissent le choix d'un materiau pouvant etre utilise comme 
lit filtrant: 
••• Surface specifique. La surface specifique du garnissage joue un role dans le transfert 
de composes entre le gaz et le biofilm. De grandes valeurs affectent ainsi positivement 
la diffusion des polluants, de l'oxygene et des nutriments vers le biofilm. Les valeurs 
de surface specifique varient entre 28xl03 et 380xl03 m2 m"3 (KENNES et coll., 1998). 
• Volume massique. Un materiau de faible volume massique est facile a manipuler. II 
exerce peu de pression sur le garnissage et il est susceptible de se comporter comme un 
lit fluidise pendant le lavage, ce qui permet d'obtenir une friction entre les particules 
de garnissage en provoquant 1'enlevement d'une certaine quantite de biomasse. Le 
volume massique de differents materiaux filtrants est compris en general entre 0.09 et 
0.33 g cm'3 (KENNES et coll., 1998). 
• Porosite. Une grande porosite interne du garnissage, de 85% a 95% (LI et coll., 
2001), permet de diminuer la perte de charge et les problemes d'obstruction lies a la 
croissance de la biomasse. Elle permet egalement aux gaz de circuler de facon 
uniforme et sans restriction (JORIO et coll., 1999). 
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••• Proprietes mecaniques. Une stabilite structurale est recommandee pour eviter la 
deformation et le possible compactage du lit. En outre, une grande resistance a la 
compression permet de supporter la force exercee par les couches superieures du 
garnissage sur les couches inferieures (LI et coll., 2001). Un materiau dur peut mieux 
resister a l'effet d'abrasion relatif a l'ecoulement de la solution nutritive et au lavage 
du garnissage. 
• Proprietes chimiques. Le materiau du garnissage doit etre inerte. II ne doit pas 
liberer des composes qui peuvent etre toxiques pour les microorganismes ou des 
composes qui peuvent presenter un nouveau probleme de pollution. Si le garnissage 
libere des composes, ceux-ci doivent etre benefiques au systeme, par exemple un 
compose qui fonctionne comme tampon pour le controle du pH. Certains materiaux 
peuvent adsorber les polluants. Si c'est le cas, le lit peut reduire l'effet des fluctuations 
de charge du polluant sur la performance du biofiltre. 
La geometrie des particules qui constituent le garnissage est tres variee: des cubes, des 
cylindres, des anneaux, des spheres ou des figures non geometriques. Des exemples de 
diverses sortes de garnissage sont donnes dans le Tableau 1.3. 
1.2.3. Nutriments. 
Les microorganismes qui constituent le biofilm ont besoin de certains nutriments pour former 
les biomolecules necessaires telles les enzymes. Les elements les plus importants apres le 
carbone sont l'azote et le phosphore. Le ratio massique C:N:P recommande pour le traitement 
d'air pollue est de 100:5:1 (EDWARDS et coll., 1996; HOLUBAR et coll., 1999). Dans un 
biofiltre a percolation, la source de carbone et d'energie est le COV a traiter. Les autres 
elements nutritifs sont fournis par la solution nutritive qui contient aussi du soufre, du 
potassium et des micronutriments, comme le manganese, le zinc ou le cuivre. 
Azote 
Le role de l'azote est tres important dans le metabolisme des microorganismes. II constitue 
une partie essentielle de certains acides amines, comme la glutamine, et il joue un role 
fondamental dans la structure des proteines (LEHNINGER et coll., 1993). L'azote peut etre 
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assimile sous forme inorganique, comme le nitrate ou 1'ammonium, ou sous forme organique, 
la plus simple etant l'uree. L'azote sous forme de nitrate est plus difficile a metaboliser que 
sous forme d'ammonium ou sous forme d'uree, parce que le nitrate doit d'abord etre 
transforme en ammonium pour pouvoir etre incorpore dans les biomolecules, ce qui entraine 
une depense energetique pour l'assimiler (SMITH et coll., 1996; SCHONDUVE et coll., 
1996). SMITH et coll. (1996) ont essaye diverses formulations nutritives, avec du nitrate et 
de 1'ammonium, pour la biofiltration du toluene. lis ont trouve que les deux formes d'azote 












Toluene et m-cresol 
Toluene et n-heptane 
Acetate de methyle 
Dichloromethane 
Materiau du garnissage 
(dimensions) 
Anneaux Pall au 
polypropylene (2.5 cm) 
Pierre de lave (1-3 cm) 
Terre de diatomees (0.6 cm) 
Terre de diatomees (0.6 cm) 
Feuilles ondulees 
angle de 60° 
Anneaux Pall en 
polypropylene (1.6 cm) 
Selles Intalox en ceramique 
(1.25 cm) 
Anneaux en polypropylene 
(0.15 cm et 0.25 cm) 
Cubes en polyether (0.1 cm) 
Particules de carbone 
(2.1cm) 
Selles Super Torus en 














 1.3, D = 0.15 
 0.5, D = 0.15 
 0.1, D = 0.08 
 1.1,D = 0.15 
 2.5, D = 0.29 
 0.5, D = 0.15 
 0.8, D = 0.15 
 1.2, D = 0.15 
 0.8, D = 0.15 
 0.8, D = 0.14 
 1.0, D = 0.23 
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Tableau 1.3. Caracteristiques du garnissage et dimensions du biofiltre 
percolateur. 
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Polluant Forme d' azote 
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COX et coll., 2001 
CHANG et coll., 
2001 
COX et coll., 2000a 
LU et coll., 1999 
LU et coll., 2002 




MPANIAS et coll., 
1998a 
OKKERSE et coll., 
1999a 
ALLEN et coll., 
2000 




WUBKER et coll., 
1997 
HEKMAT et coll., 
1997 
CHOU et coll., 1998 
Tableau 1.4. Formes d'azotes plus utilisees et leurs concentrations dans la 
solution nutritive. 
Un melange de sels de nitrate et d'ammonium a ete utilise dans plusieurs travaux 
experimentaux (CHANG et coll., 2001; LU et coll., 2001a; LU et coll., 2000; LU et coll., 
1999). Les chercheurs n'expliquent pas la raison du melange de sels. Une conclusion 
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suggeree est qu'une solution nutritive avec ces deux formes d'azote garantit des nutriments 
suffisants et disponibles pour satisfaire les fonctions metaboliques avec une faible production 
de biomasse. Le Tableau 1.4 presente les formes d'azote les plus utilisees et leurs 
concentrations respectives dans la solution nutritive. 
Les biofiltres percolateurs peuvent etre operes pendant plusieurs jours meme si un des 
nutriments est absent de la solution nutritive (limitation). La limitation en nutriments a pour 
effet de reduire la vitesse de formation de la biomasse et n'affecte pas la conversion du 
polluant, mais il faut preciser que cette limitation n'enleve pas la biomasse deja formee. 
HOLUBAR et coll. (1999) recommandent d'arreter 1'alimentation en azote une fois que le 
biofiltre est stable. Lorsque la conversion commence a diminuer, ils recommandent de faire 
un lavage et de recommencer 1'alimentation d'azote. De cette facon, la quantite d'azote 
fournie est minimisee et la conversion du polluant ainsi que la stabilite du biofiltre percolateur 
sont maintenues dans des intervalles appropries. 
Phosphore 
Le phosphore est un element constituant des molecules d'acide nucleique tels l'ADN et 
l'ARN (LEHNINGER et coll., 1993). Le phosphore est fourni sous forme de phosphate ou 
d'orthophosphate. Meme si, d'un point de vue du metabolisme cellulaire, le phosphore est 
aussi important que 1'azote, son effet sur la performance des biofiltres percolateurs est moins 
etudie. 
La disproportion d'un nutriment, soit en exces, soit en deficit, produit des desequilibres dans 
la composition de la biomasse. Par exemple, 1'exces de phosphate peut conduire a une 
accumulation de phosphore intracellulaire sous forme de polyphosphate (KORNBERG, 1995). 
La limitation en phosphore conduit a la reduction de la generation d'energie par unite de 
masse cellulaire seche et par consequence la conversion et la capacite d'elimination sont 
reduites (WUBKER et coll., 1996). 
SORIAL et coll. (1997) ont etudie la relation entre la production de biomasse et la limitation 
en phosphore. Ils trouvent lorsque le phosphore n'est pas limitant qu'une conversion de 99% 
est atteinte dans le premier tiers du biofiltre. Mais si le phosphore est 1'element limitant, tout 
le lit est necessaire pour obtenir une conversion similaire. D'autre part, quand le systeme est 
mis en limitation de phosphore, il peut rester stable jusqu'a 14 jours consecutifs. Les auteurs 
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suggerent de soumettre le biofiltre percolateur a des limitations periodiques de phosphore pour 
diminuer la croissance bacterienne et par consequence la frequence des lavages pour enlever 
l'exces de biomasse. 
Soufre et potassium 
Le soufre et le potassium sont deux elements considered comme des macronutriments, par la 
quantite a laquelle ils sont consommes et par leur importance biologique (LEHNINGER et 
coll., 1993). Le soufre joue un role tres important dans le fonctionnement des enzymes et des 
proteines. La capacite de former des liaisons de type d'hydrogene entre les acides amines 
contenant du soufre contribue a la definition de la structure tertiaire et quaternaire des 
polypeptides. Quant au potassium, il intervient dans le controle de la pression osmotique des 
microorganismes. 
WUBKER et coll. (1996) ont etudie l'impact de la limitation en potassium sur la production 
de biomasse dans un biolaveur. Ils trouvent que celle-ci diminue la quantite de carbone 
transformee en biomasse. Malheureusement, il n'existe pas de recherche sur les effets de ces 
deux nutriments au niveau de la performance des biofiltres percolateurs. 
1.2.4. Debit de la solution nutritive dans un biofiltre percolateur. 
Le debit de la solution nutritive permet d'apporter de facon continue des nutriments et de 
fournir au biofilm l'humidite necessaire, de diluer les sous produits metaboliques formes ainsi 
que de controler le pH et la diffusion de l'oxygene (HOLUBAR et coll., 1999; SORIAL et 
coll., 1997). Le debit depend aussi des dimensions du biofiltre (diametre et hauteur du lit), de 
l'activite biologique de la biomasse, etc. BALTZIS et coll. (1996) montrent que 
1'augmentation du debit de recirculation de la solution nutritive entraine une amelioration de 
la performance du biofiltre percolateur qui traite des xylenes. Les etudes issues de la 
litterature montrent une grande variation de ce parametre, telles les valeurs du debit de la 
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COX et coll., 2001 
CHOU et coll., 1998 
COX et coll., 2000b 
RIHN et coll., 1997 
BALTZIS et coll., 
1996 
BALTZIS et coll., 
2001 
HUGLER et coll., 
1999 
ALLEN et coll., 2000 
OKKERSE et coll., 
1999b 
LUet coll., 2001c 
LU et coll., 2000 
FORTIN et coll., 1999 
KONG et coll., 2001 
Tableau 1.5. Debits d'air pollue et debits des solutions nutritives dans des 
biofiltres percolateurs. 
1.2.5. Biodegradabilite du polluant. 
Une grande variete de composes chimiques peut etre oxydee dans les biofiltres percolateurs 
avec une conversion de 50 a 100%. La majorite des etudes sur les biofiltres percolateurs 
montrent que les composes aromatiques, principalement ceux du groupe BTEX (benzene, 
toluene, ethylbenzene et xylene) ainsi que le styrene, sont les COV les plus etudies (Tableaux 
1.2 a 1.6). L'autre groupe de polluants tres etudie est celui des organochlores tel le 
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dichloromethane. Les etudes sur la degradation des melanges de polluants dans des biofiltres 
percolateurs sont nombreuses (ALLEN et coll., 2000 ; BALTZIS et coll., 1996 ; FORTIN et 
coll., 1999 ; KONG et coll., 2001). Les melanges sont tres varies mais le groupe BTEX est le 
plus commun. II y a peu d'etudes sur les alcools, les aldehydes, les paraffines de faible masse 
molaire, les alcanes, etc. 
Les polluants d'interet pour la presente recherche sont l'ethanol, le methanol et le toluene. La 
degradation de ces composes est plus etudiee par biofiltration sans percolation qu'avec 
percolation. En particulier l'ethanol et le toluene sont souvent considered comme modele du 
fait de leur grande biodegradabilite. Les sujets d'etude sont divers et comprennent: l'effet de 
l'ajout de sels sur la performance du biofiltre (CHRISTEN et coll., 2001 ; DELHOMENIE et 
coll., 2001 ; TERAN PEREZ et coll., 2002), l'effet du garnissage (CHRISTEN et coll., 2002 ; 
DELHOMENIE et coll., 2002 ; KIARED et coll., 1997 ; HODGE et coll., 1994 ; RAMIREZ-
LOPEZ et coll., 2000), l'effet de parametres d'operation tels l'humidite (AURIA et coll., 
1998 ; KIARED et coll., 1996) le temps de residence de l'air pollue (ARULNEYAM et coll., 
2000), l'utilisation de cultures pures lors de la degradation de l'ethanol (LIM et coll., 2004), le 
co-traitement d'ethanol et de toluene (LIM, 2005), les voies metaboliques lors de la 
degradation de l'ethanol (DEVINNY et coll., 1995) et la modelisation de la biofiltration 
(NUKUNYA et coll., 2005 ; HODGE et coll., 1997 ; HODGE et coll., 1995 ; HODGE et coll., 
1991). Les etudes du methanol sont moins nombreuses et elles sont axees sur la modelisation 
(SOLOGAR et coll., 2003 ; KRAILAS et coll., 2002 ; KRAILAS et coll., 2000a ; BALTZIS 
et coll., 1992) et les effets des parametres d'operation (ALLEN et coll., 2000 ; KRAILAS et 
coll., 2000b ; SHAREEFDEEN et coll., 1993). 
L'etude de ces deux composes par biofiltration par percolation se limite dans le cas du 
methanol au travail fait par KONG et coll. (2001). lis ont analyse les performances du 
biofiltre percolateur pour des temperatures comprises entre 50 et 70 °C (conditions 
thermophiliques) lors du co-traitement du methanol avec l'a-pinene. Dans le cas de l'ethanol 
les travaux existants sont ceux de : COX et coll. (2001) qui ont etudie la degradation en 
conditions thermophiliques, CIOCI et coll. (1997) qui ont utilise un garnissage particulier 
consistant en des capsules emprisonnant les microorganismes, et FANG (2002) qui a optimise 
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Tableau 1.6. Conversion et capacite d'elimination pour divers polluants. 
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1.2.6. Debit d'air pollue. 
Le debit d'air pollue dans des biofiltres traitant des emissions industrielles varie de 5000 a 
1000000 m3 h"1 (KENNES et coll., 1998). Le tableau 1.5 montre diverses valeurs de debit 
d'air utilisees a echelle pilote. 
Le debit d'air et le volume du bioreacteur dans la section du lit filtrant definissent le temps de 
residence de Fair pollue dans le systeme. Le temps de residence est evalue par l'equation 
suivante: 
EBRT = -L 
Q 
EBRT = temps de residence en fut vide, h 
Vf = volume du lit filtrant vide, m3 
Q = debit volumique d'air, m h" 
La valeur du temps de residence en fut vide (EBRT) est directement liee a la conversion du 
polluant (LU et coll., 2000 ; LU et coll., 2001c). Avec un temps de residence eleve, des taux 
de conversions de l'ordre de 100% sont obtenus (COX et coll., 2001 ; KONG et coll., 2001). 
L'explication est donnee par plusieurs auteurs, entre autres LOBO et coll. (1999), qui 
mentionnent que le biofiltre percolateur est controle par deux mecanismes : le transfer! de 
masse du polluant qui va de la phase gazeuse a la phase liquide et les phenomenes qui ont lieu 
dans le biofilm (i.e. les transferts de masse des composes dans une matrice complexe et les 
bioreactions). 
1.2.7. Concentration du polluant. 
La concentration du polluant ne peut etre elevee a cause des effets inhibiteurs des hautes 
concentrations sur les microorganismes. Les concentrations oscillent en general entre 0,1 et 
10 g m"3 (COOPER et coll., 2002 ; POPOV et coll., 1999). Par exemple, lors de la biofiltration 
de Fethanol, on observe une acidification du lit quand la concentration depasse 1.0 g m*3 
(DEVINNY et coll., 1995 ; LESON et coll., 1995 ; DASTOUS et coll., 2005). Les 
concentrations en biotraitement sont faibles en comparaison avec celles utilisees dans les 
traitements traditionnels, comme 1'incineration (de 10 a 120 g m" ). Par contre, le fait de 
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pouvoir traiter de faibles concentrations de COV represente un avantage sur les traitements 
traditionnels. Dans les traitements traditionnels, la relation energie consommee et 
concentration de polluant n'est pas proportionnelle, 1'energie ne changeant pas beaucoup si la 
concentration de polluant diminue tout en maintenant un debit d'air constant. Cette 
particularite a pour consequence que les traitements traditionnels pour des faibles 
concentrations de COV s'averent tres couteux, par exemple pour 1'incineration, le cout moyen 
de traitement d'air pollue est de 10 US $/1000 m3 d'air traite par rapport a 3.5 US $/1000 m3 
d'air traite pour la biofiltration (KENNES et coll., 1998). 
1.2.8. Charge a l'entree de polluant. 
La charge a l'entree du polluant indique la masse nette de polluant qui entre dans le biofiltre 
par unite de volume du lit et par unite de temps. Elle est obtenue en multipliant le debit d'air 
par la concentration de polluant a l'entree et en divisant par le volume du lit filtrant. 
CI = charge de polluant a l'entree du bioreacteur, g m"3 h"1 
Cgo = concentration du polluant, g m" 
Vf = volume du lit filtrant vide, m 
Q = debit volumique d'air, m h" 
La performance du biofiltre est limitee par la charge du polluant. Un diagramme de la 
capacite d'elimination en fonction de la charge permet de determiner les conditions auxquelles 
le biofiltre est limite par la cinetique microbienne ou par les phenomenes de diffusion. 
1.3. Parametres qui indiquent la performance d'un biofiltre avec et sans 
percolation 
Le but d'un biotraitement d'air pollue est d'enlever les polluants du courant gazeux. Les 
parametres qui indiquent le niveau auquel est atteint ce but sont la quantite de polluant 
degrade ainsi que le pourcentage de polluant enleve. Ces deux parametres sont nommes 
respectivement capacite d'elimination et taux de conversion. 
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Tous les travaux experimentaux etudiant les variables qui affectent la performance des 
biofiltres percolateurs utilisent ces deux parametres comme indicateurs. Le Tableau 1.6 
montre une grande variete d'objectifs dans les travaux de recherche evalues avec ces deux 
parametres. 
1.3.1. Capacite d'elimination. 
De facon similaire a la charge volumique a l'entree, la capacite d'elimination est aussi une 
quantite de masse nette de polluant. Elle indique la masse de polluant transforme du courant 
gazeux par unite de volume du lit et par unite de temps. La facon de calculer la capacite 
d'elimination est la suivante : 
CE = 
Q (cg0 - c j 
Vf 
n 1 
CE = capacite d'elimination, g m" h" 
Cg0 = concentration du polluant a l'entree, g m"3 
Cgf = concentration du polluant a la sortie, g m" 
Vf = volume du lit filtrant vide, m 
O 1 
Q = debit volumique d' air, m h" 
1.3.2. Taux de conversion. 
Le taux de conversion du polluant indique l'efficacite d'un systeme a degrader un compose. 






X = conversion, (%) 
Cg0 = concentration du polluant a l'entree, g m" 
Cgf = concentration du polluant a la sortie, g m"3 
La capacite d'elimination et/ou la conversion montrent le comportement d'un biofiltre 
percolateur. La premiere indique la quantite de polluant qui peut etre degradee, alors que la 
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deuxieme indique l'efficacite du biofiltre percolateur. Lorsque les deux sont utilises, elles 
donnent une idee plus precise du bioreacteur. 
1.3.3. Production de biomasse. 
La production de biomasse est une indication de la performance du biofiltre. Le taux de 
production de biomasse depend des conditions d'operation et de F adaptation des 
microorganismes au polluant. L'indicateur le plus precis de 1'adaptation des microorganismes 
est la quantite de microorganismes specifiques au polluant presente dans la biomasse. 
ARCANGELI et coll. (1992), SPEITEL et coll. (1993) aussi que PEDERSEN et coll. (1999) 
rapportent que 10 % de la biomasse totale est capable de degrader les polluants et que cette 
quantite peut supporter la croissance des autres microorganismes presents dans le biofiltre. 
ALONSO et coll. (1997) indiquent que le taux de conversion n'est pas fonction de la quantite 
de biomasse presente dans le biofiltre. Ces auteurs indiquent qu'un biofilm mince et actif 
produit des taux de conversion eleves. 
1.3.4. Production de dioxyde de carbone. 
Le taux de production de dioxyde de carbone est un autre indicateur de la performance du 
biofiltre. Une fois que le systeme arrive a un taux de conversion stable, le taux de production 
de dioxyde de carbone varie dans une petite gamme de valeurs. DIKS et coll. (1994) suggerent 
l'existence d'un equilibre entre les divers microorganismes presents dans le biofilm, ce qui 
signifie que la production de dioxyde de carbone est stable. D'autres auteurs relient la 
variation de la production de dioxyde de carbone avec la demande d'energie des 
microorganismes (HOLUBAR et coll., 1999) ou avec des conditions d'operation extremes 
(COX et coll., 2001). 
1.3.5. Rendements en biomasse et en dioxyde de carbone. 
Les composes organiques volatils sont transformes par les microorganismes presents dans le 
biofiltre en biomasse, dioxyde de carbone et eau suite a la reaction globale suivante : 
COV + 02 + nutriments ""cro^fl"'""" ) biomasse + C02 + H20 + sels 
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La conversion du COV en biomasse ou dioxyde de carbone peut etre suivie par 1'intermediate 
des rendements de ces deux composes (JORIO et coll., 2005). Le rendement de biomasse ou 
de CO2 est defini comme la masse formee de biomasse ou de CO2 par unite de masse du COV 
consommee. La valeur des rendements permet d'avoir une idee des reactions qui predominent 
a l'interieur d'un biofiltre et permet d'evaluer plusieurs parametres, tels la vitesse de 
croissance des microorganismes et la vitesse de consommation des COV (JORIO et coll., 
2005 ; DELHOMENJE, 2002). 
1.4. Comparaison entre le biofiltre et le biofiltre percolateur. 
La solution nutritive est fournie de facon intermittente au biofiltre et continuellement au 
biofiltre percolateur. Etant donne que la phase liquide influence les phenomenes de transfert 
de masse (ZHU et coll., 1998) et que ces derniers ont des effets sur les reactions biologiques et 
le contenu d'eau dans le biofilm, la periodicite d'arrosage cause plusieurs differences entre les 
deux biotechnologies. Par exemple, le biofiltre percolateur est opere en general a des temps 
de residence 50 a 70% plus courts que le biofiltre. Les taux de conversion sont cependant 
similaires a celles du biofiltre et varient de 30 a 100%, mais la capacite d'elimination est de 2 
a 3 fois plus elevee dans le biofiltre percolateur (IRANPOUR et coll., 2001). 
1.4.1. Transfert de masse et bioreactions dans le biofiltre. 
La biodegradation des polluants a l'interieur d'un biofiltre est le resultat de divers 
phenomenes simples qui ont lieu de facon simultanee. Les phenomenes presentes dans les 
modeles biophysiques de la Figure 1.2 sont consideres comme etant les plus importants : 
i) Transfert du polluant et de l'oxygene de la phase gazeuse vers l'interieur du biofilm. 
Etant donne que le biofiltre est arrose de facon intermittente, la couche liquide qui 
couvre le biofilm est tres mince et parfois inexistante. La resistance au transfert de 
masse de la couche liquide est en general negligee par plusieurs auteurs qui considerent 
la couche liquide et le biofilm comme une seule phase homogene. De cette facon le 
premier modele biophysique propose pour la biofiltration (OTTENGRAF, 1986) 
considere trois phases : gaz, biofilm (liquide) et solide (garnissage). Le transfert de 
masse du gaz vers le biofilm est le suivant: les composes transportes par convection 
dans la phase gazeuse au moment d'entrer en contact avec la surface du biofilm sont 
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absorbes, puis a l'interieur du biofilm les composes sont transported par diffusion et 
degrades. Les microorganismes en consommant des COV maintiennent toujours un 
gradient de concentration entre le gaz et le biofilm qui est la force motrice pour le 
transfert de masse entre les deux phases. Le modele biophysique considere que la phase 
solide est inerte et qu'elle n'intervient pas dans le transfert de masse. Ce modele 
biophysique est le plus simple. Par la suite, plusieurs auteurs ont developpe des modeles 
mathematiques de biofiltration soit en regime permanent soit en regime dynamique 
(SHAREEFDEEN et coll., 1993 ; HODGE et coll., 1995 ; MOHSENI et coll., 2000; 
KRAILAS et coll., 2002). 
ii) Transfert de nutriments de la phase liquide et de la phase solide vers le biofilm. La 
Figure 1.2-A montre que les COV non degrades peuvent passer a l'interieur des 
particules solides s'il existe un gradient de concentration (DESHUSSES et coll., 1995b). 
Les produits issus du metabolisme des microorganismes, tel l'acide acetique forme 
pendant la degradation de l'ethanol (DEVINNY et coll., 1995), peuvent migrer vers 
l'interieur des particules suite au gradient de concentration. A notre connaissance, le 
transfert des nutriments de la solution nutritive vers le biofilm n'a pas encore ete 
considere dans la litterature. On peut supposer que pendant 1'absorption du liquide par 
le biofilm, les nutriments dissous sont egalement absorbes. La Figure 1.2-B montre des 
particules solides poreuses et hydratees qui contiennent des nutriments solubles dans 
l'eau. Ces nutriments diffusent vers la surface des particules ou ils sont degrades par des 
microorganismes (SWANSON et coll., 1997). 
iii) Reactions biologiques dans le biofilm. La reaction generale est la transformation du 
COV en dioxyde de carbone, eau et biomasse. Cette reaction est en realite 1'addition de 
plusieurs reactions individuelles qui ont lieu" dans le biofilm, telles la formation de 
composes intermediaires (LOBO et coll., 1999 ; DIKS, 1992 ; DEVINNY et coll., 
1995), la production de polysaccharides (FARRUGIA, 1999), la generation et la 
consommation de biomasse (OKKERSE et coll., 1999b). 
iv) Transfert des produits issus du metabolisme microbien a partir du biofilm et vers la 
phase gazeuse. Cette etape est en general negligee pendant le developpement de 
modeles biophysiques et mathematiques. Les composes qui ont ete considered dans 
quelques modeles sont l'eau et le dioxyde de carbone (KRAILAS et coll., 2000a). Etant 
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donne que les bioreactions d'oxydation sont exothermiques, le lit subit une augmentation 
de la temperature, ce qui provoque l'evaporation de l'eau a la surface du biofilm et des 








A. Transfert de masse des COV et de I'oxygene de la phase gazeuse vers le 
biofilm. 
Cas a) ni le COV ni I'oxygene sont consommes completement, le taux de reaction 
limite la cinetique qui est de premier ordre. 
Cas b) le COV ou I'oxygene est consomme completement, le transfert de masse 










B. Transfert de masse qui n'est pas considere dans les modeles mathematiques. 
a) Transfert des nutriments, de la particule solide vers le biofilm. 
b) Transfert du dioxyde de carbone et de l'eau, du biofilm vers la phase gazeuse. 
Figure 1.2. Modele biophysique pour le transfert de masse dans un biofiltre. 
A montre le transfert de masse dans le sens de la phase gazeuse vers la 
particule solide, tandis que B montre le transfert de masse en sens inverse. 
1.4.2. Transfert de masse et bioreactions dans le biofiltre percolateur. 
La biodegradation des polluants a l'interieur d'un biofiltre percolateur est le resultat de la 
presence simultanee de divers phenomenes simples. Ces derniers sont montres dans les 
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modeles biophysiques de la Figure 1.3. Les phenomenes decrits ci-dessous sont consideres 
comme les plus importants: 
i) Transfert du polluant et de l'oxygene de la phase gazeuse vers l'interieur du biofilm. Le 
premier modele biophysique, propose par DIKS et coll. (1991), contient 3 phases : le 
gaz, le liquide (solution nutritive) et le biofilm. Dans ce modele, le biofilm est considere 
comme une phase liquide homogene, de facon similaire au biofiltre. A 1' exception de 
SMITH et coll. (2002), qui proposent un modele avec deux phases : la phase gazeuse et 
le biofilm, epais et rugueux, tous les modeles considerent trois phases. Les modeles 
biophysiques triphasiques ont ete utilises pour developper des modeles mathematiques 
pour la biofiltration par percolation en regime permanent, en regime dynamique, pour un 
seul COV, ou pour un melange de COV (ZHU et coll., 2001 ; BALTZIS et coll., 2001 ; 
ALONSO et coll., 1999 ; LOBO et coll., 1999 ; MPANIAS et coll., 1998a ; HEKMAT 
et coll., 1994 ; OCKELOEN et coll., 1992). Le transfert des COV et de l'oxygene de la 
phase gazeuse vers le biofilm se fait par la voie montree dans la Figure 1.3-A. A 
Finterphase gaz-liquide, l'oxygene et les COV sont absorbes, ils diffusent ensuite dans 
le liquide et sont finalement absorbes par le biofilm, ou ils diffusent et sont degrades. 
Comme dans le biofiltre, il existe un gradient de concentration entre le gaz et le biofilm 
qui represente la force motrice pour le transfert de masse. 
ii) Transfert de nutriments de la phase liquide vers le biofilm. Les nutriments presents dans 
la solution nutritive (phase liquide du modele biophysique) sont absorbes par le biofilm. 
A l'interieur du biofilm, ils sont transportes par diffusion. Des etudes recentes montrent 
d'autres formes de transfert des composes a l'interieur du biofilm, tels des conduits 
specialises pour le transfert de l'oxygene et de 1'azote (ZHU et coll., 2001). 
iii) Transfert des produits issus du metabolisme microbien vers la phase gazeuse. La Figure 
1.3-B montre le transfert de composes vers la phase gazeuse. Cette etape est en general 
negligee et les modeles existants n'expliquent pas la liberation de ces composes par le 
biofilm. 
iv) Reactions biologiques dans le biofilm. En general, les auteurs proposent les memes 








A. Transfert de masse des COV et de I'oxygene de la phase gazeuse vers le 
biofilm. 
Cas a) ni le COV ni I'oxygene sont consommes completement, le taux de reaction 
limite la cinetique qui est de premier ordre. 
Cas b) le COV ou I'oxygene est consomme completement, le transfert de masse 
limite la cinetique qui est d'ordre zero. 
particule 





B. Transfert de masse de dioxyde de carbone, d'eau et d'autres produits 
metaboliques du biofilm vers la phase gazeuse. 
Figure 1.3. Modele biophysique pour le transfert de masse dans un biofiltre 
percolateur. A montre le transfert de masse de la phase gazeuse vers le 
biofilm. B montre le transfert de masse du biofilm vers la phase gazeuse. 
v) Reactions biologiques dans la phase liquide. Etant donne que la biomasse se detache du 
garnissage et que la solution nutritive est en recirculation constante, les microorganismes 
presents dans la biomasse detachee sont capables de se multiplier. Dans certains cas, 
pour des composes tres solubles, une densite cellulaire elevee dans la phase liquide a ete 
observee (COX et coll., 2001). En travaillant avec le toluene, un COV peu soluble, 
COX et coll. (2000b) rapportent des taux de conversion d'environ 20 % pour le toluene 
dans la phase liquide. L'addition d'emulsifiants dans la phase liquide augmente le 
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transfert des composes peu solubles dans l'eau et ameliorent la performance du biofiltre 
percolateur (DUMONT et coll., 2005 ; GROENESTUN et coll., 1999). 
1.4.3. Effet de la phase liquide sur la population microbienne et la 
performance dans le biofiltre et dans le biofiltre percolateur. 
Dans les deux systemes, la phase liquide garanti le taux d'humidite dans le biofilm, ce qui est 
essentiel pour la diffusion des composes et pour le fonctionnement des microorganismes. 
Dans le biofiltre il existe un gradient d'humidite qui affecte la densite microbienne 
(KRAILAS et coll., 2000b) et qui peut etre lie avec le gradient de la capacite d'elimination 
observe en fonction de la hauteur du biofiltre (PRADO et coll., 2005). 
A notre connaissance, il n'existe pas d'etudes comparatives entre les populations de ces deux 
biotechnologies. Un indicateur de la difference entre les populations peut etre le taux de 
production de dioxyde de carbone, lequel est 2 ou 3 fois plus eleve dans le biofiltre que dans 
le biofiltre percolateur. L'effet du lavage du biofilm par la phase liquide mobile peut 
expliquer ce comportement. Le lavage de la surface du biofilm evite F accumulation des 
produits metaboliques inhibiteurs ou non (DIKS et coll., 1991). Les produits passent dans la 
phase liquide ou ils sont dilues. lis sont ensuite retires du systeme par la purge du lixiviat. 
Dans le biofiltre, ces produits restent disponibles pour etre consommes par d'autres 
microorganismes differents des specifiques au polluant. Ceci augmente le taux de 
mineralisation des COV (ARCANGELI et coll., 1992 ; SPEITEL et coll., 1993 ; PEDERSEN 
et coll., 1999). 
Par ailleurs, les populations varient avec le temps dans un systeme (KRAILAS et coll., 
2000b). Certains microorganismes disparaissent parce qu'ils ne se sont pas adaptes ou parce 
qu'ils ont ete deplaces. Les changements dans la population provoquent aussi des variations 
dans la structure du biofilm (TRESSE et coll., 2002). Selon les conditions d'operation, le 
biofiltre et le biofiltre percolateur peuvent arriver a un regime pseudo-permanent en termes 
d'accumulation de biomasse dans le lit (DIKS et coll., 1994) et a une stabilite de la structure 
du biofilm (TRESSE et coll., 2002). 
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1.5. Modeles mathematiques applicables a la biofiltration. 
L'utilisation d'un modele mathematique qui decrit la performance d'un systeme quelconque 
permet de : mieux connaitre le systeme, de predire les reponses du systeme face aux variations 
des conditions d'operation, d'optimiser le systeme en terme de couts et de performance, de 
faciliter l'automatisation et la mise en echelle du systeme. 
Divers modeles mathematiques ont ete developpes pour decrire la biofiltration. Les approches 
des modeles sont diverses. OTTENGRAF et coll. (1983) ont ete les premiers a proposer un 
modele mathematique pour un biofiltre. Le modele considere que les concentrations du 
polluant dans la phase gazeuse et le biofilm sont a l'equilibre. SHAREEFDEEN et coll. 
(1993) proposent un modele plus elabore pour des biofiltres operant en regime permanent. lis 
introduisent des termes de limitation d'oxygene et d'inhibition du polluant. HODGE et coll. 
(1995) ont developpe un modele qui considere le biofiltre operant en regime transitoire. Les 
modeles ont evolue et sont devenus plus complexes, afin de predire le plus de phenomenes 
possible. De cette facon, il y a des modeles qui considerent trois phases dans le biofiltre 
(SHAREEFDEEN et coll., 1994 ; AMANULLAH et coll., 1999), des modeles qui considerent 
la biofiltration d'un melange des composes (ZAROOK et coll., 1997) ou des modeles qui 
essaient de predire 1'influence des pores du garnissage (NUKUNYA et coll., 2005). 
Par rapport au biofiltres percolateurs, DIKS et coll. (1991) ont ete les premiers a proposer un 
modele pour la biofiltration par percolation appliquee au traitement d'air pollue. C'etait un 
modele simple, d'ordre zero pour la cinetique de degradation du dichloromethane dans le 
biofilm. OCKELOEN et coll. (1992) ont modifie le modele de DIKS et coll. (1991), en 
adaptant le modele a une cinetique de type Monod, qui consiste en une cinetique d'ordre 1 a 
faibles concentrations et qui devient d'ordre zero en augmentant la concentration. lis ont 
montre avec des simulations que la degradation des COV est liee a leur solubilite dans l'eau. 
HEKMAT et coll. (1994) ont propose un modele avec une cinetique de type Monod dans le 
biofilm, dont l'ordre de reaction peut etre zero ou un, selon le polluant et sa concentration. 
Leur modele a ete valide avec des donnes experimentales de trois polluants de nature 
chimique differente, tels l'ethanol, un melange de benzenes polyalkyles et le dichloromethane. 
lis ont introduit un facteur d'effectivite biocatalytique dans le modele pour determiner quel 
phenomene limitait la vitesse de biodegradation : le transfert du polluant ou la bioreaction 
dans le biofilm. Les modeles anterieurs developpes pour des biofiltres percolateurs en regime 
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permanent ou en regime dynamique (DESHUSSES et coll., 1995a; SHAREEFDEEN et coll., 
1995 ; ZAROOK et coll., 1997), ne considerent pas F accumulation de la biomasse dans le lit. 
lis assument un biofilm homogene en termes d'epaisseur, de densite et de diversite 
microbienne. Par contre, ALONSO et coll. (1997) ont presente un modele qui considere que 
la surface specifique du lit n'est pas constante, etant donne que Faccumulation de la biomasse 
provoque une variation de Fepaisseur du biofilm tout au long du lit, ce qui diminue la fraction 
de vide du lit et l'aire specifique du garnissage. OKKERSE et coll. (1999b) ont developpe un 
modele qui predit Faccumulation de la biomasse, ce qui est important pour definir le temps 
d'operation du biofiltre percolateur avant qu'il presente des problemes de colmatage, de 
formation de chemins preferentiels pour les ecoulements, etc. LOBO et coll. (1999) ont 
developpe un modele dynamique et ont montre que les dimensions du biofiltre percolateur 
sont fonction : du phenomene qui limite la vitesse de degradation du polluant, de 1'absorption 
du polluant et du mode de contact entre les ecoulements d'air et de liquide. Tous ces modeles 
nommes prealablement, ont ete con§us pour traiter un seul polluant. BALTZIS et coll. (2001) 
ont developpe un modele qui s'applique aux melanges de polluants et qui tient compte de leur 
interaction cinetique. 
Tous les modeles ont ete developpes avec une serie de restrictions, de telle facon que chaque 
auteur arrive a un modele qui decrit tres bien un biofiltre percolateur particulier. Mais ce 
modele doit etre ajuste quand le polluant ou les conditions d'operation du biofiltre percolateur 
ne sont pas celles pour lesquelles il a ete concu. Pour l'utiliser sous des conditions differentes, 
il faut faire des ajustements et calculer ou evaluer experimentalement certains parametres du 
modele. 
1.6. Macrocinetique ou cinetique de la biodegradation des composes 
organiques volatils. 
Le taux de biodegradation des COV dans un biofiltre avec ou sans percolation est en fonction 
des conditions d'operation et des microorganismes presents dans le biofilm. Le taux de 
biodegradation peut etre defini par la capacite d'elimination et le comportement cinetique. 
Les modeles macrocinetiques ont ete developpes en fonction de la concentration de polluant 
dans la phase gazeuse. Ces modeles font partie des modeles mathematiques plus complexes 
mentionnes ci-dessus. Les modeles cinetiques de biodegradation des COV sont similaires a 
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ceux des reactions chimiques ou biologiques. Le plus simple est le modele de premier ordre, 
similaire a une reaction chimique qui depend de la concentration du reactif (JONES et coll., 
2004). Ce modele s'ajuste bien a la cinetique que presentent des biofiltres avec ou sans 
percolation qui ne sont pas inhibes par les COV et qui operent a de faibles concentrations des 
COV. Dans le cas des polluants presents a des concentrations plus elevees et qui ne presentent 
pas d'inhibition, la cinetique de biodegradation des polluants suit en general un ordre mixte et 
est defini par des modeles qui ont une structure mathematique similaire a 1'equation de 
Michaelis-Menten de base, qui decrit une cinetique de deux ordres tel que le modele de 
Monod (HIRAI et coll., 1990 ; KRAILAS et coll., 2002 ; SOLOGAR et coll., 2003 ; 
STRESSE et coll., 2005 ; WANI et coll., 1999). Les COV inhibent les microorganismes a 
partir d'un certain seuil de concentration, pour des concentrations superieures a ce seuil la 
cinetique de biodegradation ne s'adapte pas aux modeles bases sur 1'equation de Michaelis-
Menten de base et cette equation doit etre modifiee ou des nouveaux modeles cinetiques sont a 
utiliser ou a developper. 
1.7. Microcinetique ou cinetique de la croissance microbienne. 
Les parametres cinetiques qui decrivent la croissance microbienne sont indispensables lors de 
1'elaboration d'un modele mathematique pour simuler la performance d'un biofiltre. 
Generalement, la croissance microbienne est bien representee par 1'equation de Monod (LIU, 
2007), qui exprime la vitesse specifique de croissance microbienne en fonction de la 
concentration du COV dans la phase ou se trouvent les microorganismes. De cette facon, les 
parametres cinetiques de croissance microbienne sont calcules par 1'intermediate de 
l'equation de Monod. La majorite des etudes de croissance microbienne sont faites avec des 
souches pures ou des microorganismes isoles d'un consortium microbien qui presente une 
activite de biodegradation envers un polluant. Traditionnellement, les microorganismes sont 
cultives en suspension dans un milieu de culture liquide. Les parametres cinetiques ainsi 
obtenus sont appliques dans des modeles mathematiques pour simuler des biofiltres qui 
contiennent des consortiums microbiens suspendus dans une phase solide. Dernierement, il y 
a plusieurs etudes qui portent sur la determination des parametres cinetiques de croissance 
microbienne sous des conditions plus proches de celles auxquelles est soumis le biofilm qui se 
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trouve a l'interieur d'un biofiltre en operation (DELHOMENIE, 2002 ; GOVIND et coll., 
1997). 
Quand le COV inhibe les microorganismes, le modele de Monod ne s'ajuste pas aux donnees 
experimentales. L'utilisation d'un modele avec un terme d'inhibition, tel que le modele 
d'Haldane, permet de mieux apprehender cette cinetique (DELHOMENIE, 2002 ; 
OKPOKWASILI et coll., 2005 ; SHAREEFDEEN et coll., 1993). Dans la litterature, il 
n'existe pas de recherche sur la determination des parametres cinetiques associes a la 
croissance microbienne qui utilisent directement des donnees de production de biomasse du lit 
filtrant. Cette approche pourrait a notre avis faciliter la determination des ces parametres 
cinetiques qui seraient ainsi calcules sous des conditions d'operation reelles. 
1.8. Structure du biofilm et ses effets sur la performance des biofiltres. 
Les microorganismes qui forment le consortium microbien sont suspendus dans une phase 
solide nomme biofilm. Les unites catalytiques responsables de la biodegradation des COV 
dans un biofiltre sont des microorganismes. Leurs interactions, leurs densites cellulaires dans 
le biofilm et les effets des conditions d'operation sur le biofilm, sont des facteurs qui 
determinent la performance d'un biofiltre. En general, les etudes qui analysent les biofilms 
dans des biofiltres avec et sans percolation montrent la predominance des microorganismes 
specifiques aux polluants traites (FARRUGIA, 1999 ; SONG et coll., 2000). Par contre, ces 
etudes n'analysent pas en general en profondeur l'effet des conditions d'operation sur la 
dynamique microbienne. 
Par rapport a la composition du biofilm, les etudes demontrent que le biofilm est un 
microcosme en changement constant (ACUNA et coll., 1999 ; DIKS et coll., 1994). Une 
petite variation des conditions d'operation, soit la temperature, soit la concentration des 
nutriments, induit de grandes modifications dans la distribution des especes chimiques dans le 
biofilm (JUTEAU, 1997 ; TRESSE et coll., 2002). Les composes dont il faut tenir compte 
sont les exo-polysaccharides, qui sont capables d'intervenir dans la regulation d'humidite et la 
retention des composes solubles dans l'eau a l'interieur du biofilm (FARRUGIA, 1999). 
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Ghapitre 2. Demarrage, entretien et caracterisation d'un biofiltre 
percolateur pour le traitement de l'air pollue avec vapeurs 
d'ethanol 
Article « Biotrickling filtration of air contaminated with ethanol », qui a ete publie dans le 
« Journal of Chemical Technology and Biotechnology », Vol. 82, no. 2, pp. 149-157 (2007). 
Auteurs : Antonio Avalos Ramirez, J. Peter Jones et Michele Heitz* 
Departement de Genie Chimique, Faculte de Genie, Universite de Sherbrooke 
2500, boulevard de 1'Universite, Sherbrooke (Quebec) J1K 2R1 
* Auteur pour la correspondance. Telephone : 819-821-8000, Ext. 62827 
Telecopies: 819-821-7955 
E-mail: Michele.Heitz@USherbrooke.ca (M. Heitz) 
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Resume 
Une biofiltre percolateur pour traiter des vapeurs d'ethanol a ete opere. Le but de 1'etude a ete 
1'analyse des effets des conditions d'operation sur la performance du biofiltre percolateur. 
L'etude a permis aussi de se familiariser avec les parametres de performance caracteristiques 
d'un biofiltre percolateur, le controle de la biomasse, l'entretien de l'equipement et les 
mesures analytiques les plus courantes realisees au laboratoire. 
Le biofiltre percolateur a ete opere dans une gamme de concentrations d'ethanol variant entre 
0.2 a 15.0 g m" , ce qui excede les concentrations d'ethanol generalement utilisees dans des 
biofiltres traditionnels. Le biofiltre percolateur a opere egalement a de faibles concentrations 
d'azote dans la solution nutritive, soit 0.005 gN L"1. Trois temps de residence ont ete testes : 
30, 65 et 130 s. 
Le taux de conversion a diminue avec la concentration d'ethanol et a augmente avec le temps 
de residence (variation entre 60 a 100 % selon les conditions operatoires). Une methode de 
lavage du lit filtrant a ete developpee pour controler le contenu en biomasse. Le lavage 
periodique a stabilise la performance des biofiltres. Une capacite d'elimination maximale de 
970 g m"3 h'1 a ete obtenue pour une charge d'ethanol de 1610 g m"3 h"1, valeur superieure a 
celle reportee dans la litterature. L'etude demontre que les biofiltres percolateurs peuvent 
traiter efficacement l'air pollue avec des vapeurs d'ethanol en utilisant des solutions nutritives 
peu complexes. 
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2. Biotrickling filtration of air contaminated with ethanol 
Abstract 
A biotrickling filter (BTF) for treating high ethanol loads was operated for one year and the 
effect of operating conditions was studied. The BTF was operated in a range of ethanol inlet 
concentrations of 0.2 to 15.0 g m~3 and at three different residence times (30 s, 65 s and 130 s). 
The experiments show that removal efficiency decreased with increasing ethanol inlet 
concentration and decreasing air residence time. Removal efficiency varied in the range of 60 
to 100 %. A maximum elimination capacity of 970 g m"3 h"1 was obtained for an inlet load of 
1610 g m"3 h4. At a constant residence time, the carbon dioxide (CO2) production rate varied 
with ethanol inlet concentration. BTF presented the maximum CO2 production rate in the 
range of inlet concentration of 3.0 to 7.0 g m"3. Two strategies for controlling biomass 
accumulation were applied. One consisted in periodical washing. The other one combined 
periodical washing with nutrient starvation by consuming less water and energy. Both 
strategies led to maintaining the BTF stable, with high adaptability and reproducibility. 
2.1. Introduction. 
2.1.1. Removal of Volatile organic compounds from gaseous effluents. 
The development of reliable and cost effective ways of eliminating volatile organic 
compounds (VOC's) from gaseous industrial emissions continues to be a crucial endeavour-
for a better environment. There are a number of physicochemical options including 
absorption, adsorption, thermal oxidation and catalytic oxidation. These processes work well 
for VOC concentrations up to 5.0 g m"3 and air flow rates less than 80000 m3 h"1 (COOPER 
and coll., 2002; DELHOMENIE and coll., 2005b; JORIO and coll., 1999). 
The characteristics of gas effluents described above are common in industry but there is a 
pressing need for efficient and cost effective processes for low concentrations and high flow 
rates. Biological processes are often very appropriate options for these situations and their 
operating costs are generally much lower than for physicochemical processes. In addition, 
biological processes can, if appropriately designed, be simpler to control and operate than 
physicochemical processes. 
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2.1.2. Biotrickling filtration. 
One of the most promising options for the treatment of industrial gaseous effluents is the 
biotrickling filter (BTF). The process consists of passing the polluted gas through a bed, 
where the immobilized microorganisms transform the pollutants to non-hazardous end-
products. The bed is irrigated continuously with an aqueous nutrient solution which provides 
the necessary nutrients to the microorganisms. The nutrient solution also keeps the bed 
properly humidified in order to give the microorganisms the best possible conditions to 
develop (KENNES and coll., 1998; EDWARDS and coll., 1996). This trickling controls some 
operating parameters in the BTF, for example the pH and the biomass content in the bed. If 
the pollutant is water-soluble, the trickling nutrient stream improves the transfer of the 
pollutant from the gas phase to the microorganisms. 
2.1.3. Ethanol pollution. 
Ethanol is a water-soluble VOC with a great diversity of applications. Ethanol is released in 
production processes of solvents, fuels, beverages, bread, etc. Ethanol emission rates of a 
typical installation could be considered not significant because they are generally below 100 
tons per year (SMITH, 1999), but the number of installations that release ethanol may be so 
high that the total amount emitted in a geographic area must be taken in count. For example, 
in 1993, commercial activities in the European Community emitted 151 000 tons of ethanol to 
the atmosphere in the following processes: baking, brewing, spirit production and wine-
making (PASSANT and coll., 1993). In Los Angeles, in the same year, commercial bakeries 
emitted 2400 ton year"1 of VOC s, principally ethanol (COX and coll., 2001). 
In spite of the magnitude of these emissions, they are usually neglected, because ethanol is 
considered non-toxic and highly biodegradable. This situation is well illustrated with this two 
examples: 1) The occupational exposure limits for ethanol concentration in air is high, it is 2.0 
g m"3 per 10-hour working period (MATHESON TRI-GAS, 2004); 2) There are no legal 
limits for air quality for long term exposition to ethanol either from the industrial health point 
of view or for people who live near installations like breweries or bakeries which constantly 
emit ethanol. 
Regulation of ethanol emissions was recently introduced in several environmental laws. In 
Canada, the Canadian Environment Protection Act was modified in 2003 to better regulate 
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VOC emissions and a detailed list of 60 VOC's was published with ethanol included in the list 
(COMMUNICATION CANADA, 2003). Ethanol emissions are established in terms of mass 
rates in several countries such as Australia, Canada and United States (ENVIRONMENT 
AUSTRALIA, 2006; COMMUNICATION CANADA, 2003; ENVIRONMENTAL 
PROTECTION AGENCY, 1992), where the threshold of emissions is generally 10 tons per 
year for an industrial installation. 
2.1.4. Control of ethanol emissions by biofiltration with and without 
percolation. 
In some countries such as the U.S. and Australia, large industries are required to control 
ethanol emissions. In those cases biofiltration was the bioprocess most recommended and 
applied (ENVIRONMENTAL PROTECTION AGENCY, 1992; ENVIRONMENT 
AUSTRALIA, 2006). Studies show that the biofilter achieves removal efficiencies greater 
than 90% (LE CLOIREC and coll., 2001; LESON and coll., 1993; LESON and coll., 1992) 
when ethanol concentration is lower than 2.0 g m"3 and for an empty bed residence time 
(EBRT) of 60 s. But, biofilter performance deteriorates when at the same EBRT the ethanol 
concentration exceeds 2.0 g m" because the filter bed is irreversibly affected by the 
accumulation of acetic acid and other toxic metabolites (DEVINNY and coll., 1995; LESON 
and coll., 1995). 
Ethanol can also be eliminated by biotrickling filtration, which presents in general a better 
performance than biofiltration when the pollutants tend to acidify the bed. CIOCI and coll. 
(1997) show that removal efficiency of 80 % can be obtained when the biotrickling filter 
(BTF) operated at an ethanol inlet concentration of 2.0 g m" and an EBRT of 50 s. In another 
study, COX and coll. (2001) showed that ethanol can be oxidized by mesophilic (22 °C) and 
thermophilic (53 °C) microorganisms. The BTF operated at an inlet concentration of 2.0 g m"3 
and an EBRT of 57 s, provided a removal efficiency of 75% for both temperatures, 
demonstrating that thermophilic microorganisms could be used without any performance 
reduction. 
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2.1.5. Washing of trickling bed. 
In the BTF, the biomass which is generated may cause such difficulties as clogging of the bed 
and distribution piping systems. Moreover, the biomass requires treatment and final disposal 
which represents an additional high unit cost (DELHOMENIE and coll., 2005b; JORIO and 
coll., 1999; POPOV and coll., 1999). The amount of biomass in the BTF can be controlled by 
a number of operations including predation of the biofilm by protozoa and fly larva (COX and 
coll., 1999a); the washing of the trickling bed with water solutions of sodium hydroxide, 
sodium hypochlorite and hydrogen peroxide (COX and coll., 1999b); the backwash of the 
packing (SMITH and coll., 1998); the washing of the packing with air bubbles (OKKERSE 
and coll., 1999a); or the reduction of the nutrient content in the solution (HOLUBAR and 
coll., 1999; SORIAL and coll., 1997; ZHU and coll., 1996). In the cases of washing with air 
bubbles and backwashing, OKKERSE and coll. (1999a) and SMITH and coll. (1998) 
respectively, show that these strategies did not affect the activity of microorganisms. 
2.1.6. Objectives. 
The present paper is an experimental study of biotrickling filter application for controlling 
ethanol gaseous emissions. The research has the following objectives: a) analyze the effects of 
high ethanol concentrations (more than 2.0 g m"3) on biotrickling filter performance, b) 
analyze the effects of empty bed residence time on biotrickling filter performance, and c) 
analyze the effect of applying air bubble washing and nutrient starving for controlling biomass 
accumulation. 
2.2. Materials and methods. 
2.2.1. Biotrickling filter. 
The experiments were done using two identical biotrickling filters designated as BTF1 and 
BTF2. Both of them were operated at ~ 24°C. The experimental setup is shown on Figure 2.1. 
The setup consisted of a pollutant supply unit (PSU), a biotrickling filter (BTF) and a liquid 
recycling unit (LRU). The shell of BTF was a Plexiglas column with an internal diameter of 
0.15 m. The packed bed was 1 meter high, divided in 3 sections of 0.33 m each. The packing 
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was polypropylene spheres (Jaeger Tri-Packs®, Fabco Plastics, Ontario, Canada) of 0.025 m 
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Figure 2.1. Schematic representation of biotrickling filter. 
2.2.2. Inoculum. 
BTFl was inoculated with a lixiviate obtained from a biofilter which had treated ethanol 
vapours (DASTOUS and coll., 2005). The lixiviate was thickened and then added to the 
recycle tank of BTFl. The operational conditions used for starting-up the biofilm were: 1.0 m 
h"1 of air flow rate, 8.0 g m"3 of ethanol inlet concentration, 1.0 L min"1 of recycled nutrient 
solution flow rate and 2.5 g L"1 of nitrogen present as urea in the nutrient solution. BTF2 was 
inoculated with packing obtained from BTFl, which had operated for 8 months. 
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2.2.3. Nutrient solution. 
The nutrient solution was fed into the BTF at a rate of 1.5 L/min with a centrifugal pump 
(model 1212-2AA-121, SHURflo, West Sussex, UK). The nutrient solution in the storage tank 
(16 L) was renewed daily. The nutrient solution contained urea as the nitrogen source and 
other macro and micro-nutrients, which are listed in Table 2.1. 
Compound Concentration (g L"1) 
Nitrogen (from urea) 0.005 
Phosphorus (from H3P04, neutralized with NaOH) 0.005 
Potassium (from K2S04) 0.0016 
Table 2.1. Composition of nutrient solution (made with tap water). 
2.2.4. Inlet air. 
Inlet air was dry and particle (solids, grease, microorganisms, etc.) free. Dry air was separated 
in two streams, which were controlled by means of two gas flow meters. One flow was 
bubbled through the water into a humidification column. The other one was passed through a 
bubbler containing ethanol at 95 % w/w (Commercial Alcohols Inc., Brampton, CA) which 
was placed in constant temperature bath at 20°C. The air flow rate of two streams was 
arranged to obtain the ethanol concentration specified for each experiment. The two air 
streams were mixed before entering at the base of BTF. Three air flow rates were tested: 0.5 
m3 h*1, 1.0 m3 h"1 and 2.0 m3 h"1 (which corresponded respectively to 130 s, 65 s and 30 s of 
empty bed residence time). Air and nutrient solution flowed counter currently inside the BTF. 
2.2.5. Washing of biotrickling filter bed. 
The procedure used to wash the bed was a sequence of three partial washings. Each partial 
washing was carried out in the following manner: 2/3 of BTF was filled with tap water (16 L), 
and then air was bubbled at a flow rate of 6 m3 h"1 during 15 minutes. 
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2.2.6. Biomass determination. 
The biomass as total solids in the bed was determined by taking samples of 150 mL of 
suspension formed during bed washing, as described above. Two samples were taken per 
washing, while air was bubbling. Samples were weighed before and after drying to constant 
weight in an oven at 110°C. 
Total solids in the lixiviate were determined by sampling the lixiviate contained in the storage 
tank. The lixiviate was agitated manually and two samples of 150 mL were taken. Samples 
were weighed before and after drying to constant weight in an oven at 110°C. Accumulated 
solids in the lixiviate were calculated by subtracting the total solids of lixiviate at time zero 
from total solids in the lixiviate 24 hours after. Biomass in the biofilm and accumulated solids 
in the lixiviate are reported as dry weight. 
2.2.7. Parameters for analysing the biotrickling filter performance. 
BTF performance is discussed in terms of inlet load, elimination capacity and removal 
efficiency. These parameters are evaluated according to the following equations: 
IL = Q-SL 
V 
EC = Q {c, - c0) 
v 
x =
 c> - c° 
V 
PC0 = Q ico2o - co2i) 
2
 V 
where IL is the inlet load (g m" h" ), EC is the elimination capacity (g m" h" ), X is the 
removal efficiency (dimensionless), PC02 is the carbon dioxide production rate, Q is the total 
air flow rate (m h" ), V is the packing bed volume (m ), Q is the ethanol inlet concentration (g 
m"3), C0 is the ethanol outlet concentration (g m"3), CO^ is the carbon dioxide inlet 
concentration (g m"3), and CO20 is the carbon dioxide outlet concentration (g m"3). The ethanol 
elimination was evaluated by comparing the ethanol concentration for the outlet gas flow with 
the inlet gas flow. 
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2.2.8. Analytical Methods. 
The concentrations of ethanol were measured continuously by using a total hydrocarbon 
analyzer (Horiba model FIA-510, Horiba Instruments Inc., Irvine, CA, USA), with hydrogen 
flame ionization detection. Concentrations of carbon dioxide in air were measured 
continuously by using a portable gas analyzer model (Ultramat 22P, Siemens AG, Munich, 
GE), based on a non-disperse infrared absorption principle. 
2.3. Results and discussion. 
2.3.1. Effect of ethanol inlet concentration on removal efficiency. 
Figure 2.2 shows removal efficiency as a function of ethanol inlet concentration. From 0.2 g 
m"3 to 3.3 g m"3 of ethanol inlet concentration, the removal efficiency presented the highest 
variations. It decreased from 100 % to 85 % for a residence time of 130 s, from 100 % to 80 % 
for 65 s and from 95 % to 65 % for 30 s. For inlet concentrations greater than 3.3 g m"3, the 
removal efficiency was nearly constant for all residence times, varying between 80 and 85 % 
for a residence time of 130 s, 75 and 80 % for 65 s, and 60 to 65 for 30 s. This was due to the 
physicochemical properties of ethanol and its intermediate metabolites, all of them high water 
soluble and easily absorbable by the mobile liquid phase into the BTF. The absorption of 
different compounds in the lixiviate at high ethanol inlet concentrations maintained the 
removal efficiency nearly constant. 
Unlike biofiltration without percolation, BTF did not appear to be adversely affected by 
increasing ethanol inlet concentration. Specifically, biofiltration without percolation may 
acidify the bed when the BTF operates at high ethanol inlet concentrations. LESON and coll. 
(1995) observed this problem at concentrations greater than 4.0 g m" , and LE CLOIREC and 
coll. (2001) reported the same problem at only 1.3 g m"3. In contrast, the studies of BTF for 
controlling ethanol emissions do not report the problem of acidification (COX and coll., 2001; 
CIOCI and coll., 1997). 
In our study, the monitoring of pH in the lixiviate demonstrated that this parameter was 
maintained between 6.0 and 6.5 for all experiments, this is explained by the tampon effect of 
phosphate preparation added to the nutrient solution (Table 2.1). On the other hand, the carbon 
dioxide (CO2) yield coefficient was in the range of 0.05 to 0.70 g of CO2 g"1 of ethanol 
consumed, for the highest and smallest ethanol inlet loads respectively. In comparison to the 
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stoichiometric yield coefficient of 1.91 g of CO2 g" of ethanol consumed reported by AURIA 
and coll. (1998), the yield values obtained in the present study suggest the production of 
intermediate metabolites formed during ethanol biotransformation, such as acetaldehyde, 
acetic acid or ethyl acetate(DEVINNY and coll., 1995; TERAN PEREZ and coll., 2002). The 
accumulation of some of these compounds could be the cause of qualitatively changes in the 
lixiviate. For example, when the ethanol inlet concentration was smaller than 3.3 g m"3, the 
CO2 yield coefficient was at least 0.48 g of CO2 g"1 of ethanol consumed for all residence 
times and the lixiviate was colorless and odorless. When the ethanol inlet concentration was 
equal or greater than 3.3 g m"3, the CO2 yield coefficient decreased with ethanol inlet 
concentration: as low as 0.05 g of C02 g"1 of ethanol consumed. For small CO2 yield 
coefficients the lixiviate took on a green or yellow coloration and it had an odor similar to 
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Figure 2.2. Effect of ethanol inlet concentration on removal efficiency at the 
following residence times: (-0-) 30 s, (-A-) 65 s, (-a-) 130 s. 
2.3.2. Effect of ethanol inlet load on elimination capacity. 
Figure 2.3 shows the variation of elimination capacity with ethanol inlet load. In this Figure, 
two different behaviours of elimination capacity can be observed: a) up to 180 g m"3 h"1 of 
inlet load, BTF was able to completely transform ethanol, b) for values greater than 180 g m"3 
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h"1 and up to 1610 g m"3 h"1, elimination capacity was directly proportional to the ethanol inlet 
load. At the greatest load the BTF apparently began to be reaction limited, according to the 
definition used by OTTENGRAF (1986). Owing to equipment technical limitations, we did 
not test inlet loads greater than 1610 g m"3 h"1 for analyzing the BTF performance limited by 
reaction time. COX and coll. (2001) observed a similar tendency in a biotrickling filter 
treating ethanol: the elimination capacity varied proportionally with inlet load, in a range from 
70 g m"3 h"1 to 320 g m"3 h"1, and the reaction limitation region was also absent. 
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Figure 2.3. Effect of ethanol inlet load on elimination capacity at the 
following residence times: (0) 30 s, (A) 65 s, (a) 130 s. 
In this study, the maximal elimination capacity was 970 g m"3 h"1 and it was obtained at the 
greatest inlet load tested, which was 1610 g m"3 h"1. To our knowledge no such high inlet loads 
have been evaluated before. The different studies of ethanol treatment by biofiltration with or 
without percolation report inlet loads and elimination capacities smaller than those tested in 
several of our experiments. The maximum ethanol inlet loads for biofiltration without 
percolation were reported by TERAN PEREZ and coll. (2002), they operated at an ethanol 
inlet load of 300 g m"3 h"1 and obtained a corresponding elimination capacity of 255 g m"3 h"1. 
In the case of ethanol treatment by biotrickling filter, COX and coll. (2001) working with a 
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maximum inlet load of 320 g m"3 h"1 obtained an elimination capacity of 220 g m"3 h"1. The 
removal efficiencies in these two studies were 85 % and 69 %, respectively. For equivalent 
operating conditions, the present study reports elimination capacities and removal efficiencies 
that are similar to those cited above, and occasionally better. For example, at an inlet load of 
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Figure 2.4. Effect of ethanol inlet concentration on biomass generation rate at 
an EBRT of 30 s. Average values (•) + standard deviation (—). 
2.3.3. Biomass generation rate in the biofilm. 
Figure 2.4 presents the effect of ethanol inlet concentration on biomass generation rate in the 
biofilm for an air residence time of 30 s. Biomass generation rate decreased with increasing 
ethanol inlet concentration as follows: (1) at an ethanol inlet concentration of 3.3 g m"3 was 
obtained the greatest biomass generation rate of 9.5 g m"3 h"1, (2) then the biomass generation 
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rate decreased to 3.8 g m" h" when the ethanol inlet concentration increased to 4.7 g m" , (3) 
in the range of ethanol concentration of 4.7 g m"3 to 9.9 g m"3, the biomass generation rate 
decreased slightly and presented its minimal value of 2.8 g m"3 h4. The greatest biomass 
generation rate in this paper was smaller than those obtained by COX and coll. (2001): 21.3 g 
m"3 h"1 at 22 °C and 16.6 g m3 h"1 at 53 °C. For both temperatures, they operated the BTF at an 
ethanol inlet concentration of 2.0 g m"3 and obtained the same removal efficiency of 67 %. In 
our study, for a higher ethanol inlet concentration (3.3 g m"3) and with a lower biomass 
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generation rate (9.5 g m" h" ) we obtained a removal efficiency of 80 %. We think that these 
results are according to the theory exposed by ALONSO and coll. (1997). They supposed that 
the amount of biomass does not determine the elimination of pollutant; it is determined by the 
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Figure 2.5. Evolution of solids accumulation rate during three weeks at an 
EBRT of 30 s and two ethanol inlet concentrations: (•) 4.7 g m"3 and (0) 9.9 
g m"3. The average values are indicated as follows: (—) 4.7 g m"3 and ( ) 9.9 
gm"3. 
2.3.4. Accumulated solids in the lixiviate. 
Total biomass produced in BTF can be divided into biomass which remains in the biofilm and 
suspended biomass in the lixiviate. In our study, we consider that accumulated solids in the 
lixiviate are the result of suspended biomass generation. Accumulated solids were determined 
in two experiments: at ethanol inlet concentrations of 4.7 g m"3 and 9.9 g m"3. Both were done 
at a residence time of 30 s. Figure 2.5 shows the behaviour of solids accumulation rate in the 
lixiviate for these ethanol concentrations during three weeks of experimentation. The solids 
accumulation rate was approximately 8.0 g m"3 h_1 (± 1.8 g m"3 h_I) at the ethanol inlet 
concentration of 4.7 g m" and 6.5 g m" h" (±1,6 gm" h ) at an ethanol inlet concentration of 
9.9 g m" . These values show that solids generation rates decreased with increasing ethanol 
inlet concentration. We supposed that ethanol inhibits all microorganisms in biofilm and 
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lixiviate, but specially the nonspecific, by causing that cellular density of nonspecific 
microorganisms decreases faster than that one of ethanol degraders when ethanol 
concentration increases. The microbial activity in the lixiviate is important, for example COX 
and coll. (2001) observed that cellular density of ethanol specific microorganisms in the 
biofilm (3.7xl08 number of colonies g"1 of total carbon) was similar to cellular density in the 
lixiviate (1.7x10 number of colonies g" of total carbon) at an ethanol inlet concentration of 2 
g m"'. The activity of suspended biomass was also analyzed by COX and coll. (2000b), they 
observed that suspended biomass was able to transform up to 21 % of the total amount of 
toluene degraded in their BTF. In our case, the oxidation of ethanol to CO2 in the lixiviate is 
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Figure 2.6. Effect of ethanol inlet load on carbon dioxide production rate at 
three EBRTs: (0) 30 s, (A) 65 s, (•) 130 s. 
2.3.5. Effect of ethanol inlet load on carbon dioxide production rate. 
Figure 2.6 shows the variation of carbon dioxide (CO2) production rate with ethanol inlet load. 
The CO2 production rate varied similarly for three residence times. Initially, it increased with 
ethanol inlet load and reached a maximum, which was 58 g m" h" for residence times of 130 
s and 30 s, and it was 48 g m"3 h"1 for 65 s. Afterwards, it decreased with increasing ethanol 
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inlet load. In our study, as ethanol inlet load increased, biomass and C02 generation 
decreased, but removal efficiency was nearly constant. 
In the BTF, the CO2 is produced by a consortium of microorganisms formed by: ethanol 
specific microorganisms, which are able to degrade ethanol, and by nonspecific 
microorganisms. As ethanol inlet load increases, the microorganisms are inhibited in a 
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Figure 2.7. BTF performance at an EBRT of 65 s and an inlet load of 90 g m"3 
h"1. On the left are plotted the results of BTF without washing; on the right are 
the results of BTF with a weekly washing. (•) IL, (•) EC. 
2.3.6. Effect of periodic washing on biotrickling filter performance. 
Figure 2.7 presents the influence of periodic washing on BTF performance operating at an air 
• 5 1 3 1 
flow rate of 1.0 m h" and at an ethanol inlet load of 90 g m" h" . Figure 2.7 shows the results 
of two experiments, first without washing the bed and then with washing it with water and air 
bubbles. The benefits of using air bubbles to wash the bed, in comparison with backwashing, 
are shorter backwashing cycles and lower water and energy consumption. In the first 
experiment, the BTF was operated for three weeks without washing the bed. For this case, EC 
oscillated between 81 g m"3 h"1 and 50 g m"3 h"1, with an average value of 63 g m"3 h"1 and a 
standard deviation of ± 9 g m"3 h"1. In the second experiment, the BTF was operated for four 
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weeks with weekly washing. In this experiment, the EC oscillations were smaller with an 
average value of 78 g m3 h"1 and a standard deviation of + 5 g m"3 h"1. One reason of the 
improvement in BTF performance is that the washing removes some of the inactive and the 
nonspecific biomass accumulated in the bed. After washing with air bubbles, the cells that 
remain attached to the packing conserve their biological activity. They are able to easily 
regenerate new biofilm which is active and pollutant specific, as was noted by SMITH (1999) 
and OKKERSE and coll. (1999a). Another reason of the improvement is the effect of washing 
the bed, it contributes to maintaining a high specific surface covered by a thin active biofilm 
(ALONSO and coll., 1997). 
Another strategy for biomass control was also tested when the BTF was operated at a 
residence time of 30 seconds and an ethanol inlet concentration of 9.9 g m"3 during 6 weeks 
(these results are not shown). Instead of a weekly washing, the BTF was washed each 14l 
day. The nutrient solution was renewed daily, except each 7 day. This day the nutrient 
solution recirculated 48 hours in the BTF instead of 24 hours. With this strategy, we obtained 
removal efficiency similar to that obtained with the weekly washing strategy. The advantage 
of the last one is that it requires a lower washing frequency, which reduces the maintenance 
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Figure 2.8. Performance of BTF at an EBRT of 65 s and eight different 
ethanol inlet concentrations, (a) IL, (•) EC. 
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2.3.7. Adaptability and stability of biotrickling filter. 
Figure 2.8 presents the performance of the BTF over 170 days at a residence time of 65 s and 
different inlet loads. Figure 2.8 shows that the BTF presented a quick response and good 
adaptation to disturbances of ethanol inlet concentration or air flow rate, which were observed 
as inlet load disturbances. The BTF maintained its removal efficiency with only a small range 
of variation when these disturbances occurred. For example, the BTF responded quickly by 
reaching stability two or three days after the ethanol inlet concentration was changed for a 
different inlet load. The BTF was very stable for all experiments. One reason was the 
beneficial effect of bed washing, which was applied systematically to all experiments. 
2.3.8. Reproducibility. 
Most of the experiments were done twice to verify the reproducibility of the removal 
efficiencies of the BTF. The reproducibility was verified as follows: in one BTF operated at 
the same conditions but at a later date, in both BTFs operated simultaneously at the same 
conditions, and in both BTFs operated at different times under the same conditions. Figure 2.9 
shows the removal efficiency of these experiments, which were done in a range of ethanol 
inlet concentration from 1.1 to 6.9 g m"3 h. The BTF had very good reproducibility for all 
cases. 
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Figure 2.9. Removal efficiency of five experiments, duplicated to check the 
reproducibility of BTF performance. The residence time and the ethanol inlet 
concentration are given below the histogram. 
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2.4. Conclusion. 
This paper presents the study of biotrickling filtration of air polluted with ethanol vapours. 
The effects of ethanol inlet concentration and air residence time on biotrickling filter 
performance, as indicated by elimination capacity and removal efficiency, were analyzed. In 
the range of ethanol inlet concentrations of 0.2 to 15.0 g m"3 the BTF provided a very stable 
system for controlling ethanol emissions. Removal efficiency varied from 60 % to 80 % in the 
range of residence time of 30 s to 130 s and for an inlet concentration of at least 15.0 g/m"3. In 
this study the BTF was successfully operated at ethanol inlet loads greater than those reported 
in literature for biofiltration with and without percolation. The BTF performed well for high 
ethanol loads as compared to biofiltration without percolation. The maximal inlet load tested 
was 1610 g m"3 h"1 which provided a corresponding elimination capacity of 970 g m"3 h"1, 
higher than results reported in literature. Biomass generation rate in the biofilm and in the 
lixiviate decreased with increasing ethanol inlet concentration, but removal efficiency was 
constant. Two strategies for controlling biomass accumulation were tested. One consisted on 
washing the BTF weekly with water and air bubbles, and the other one was a combination of 
washing the BTF each two weeks with nutrient starvation. Biomass accumulation and BTF 
performance were satisfactory controlled with these two different strategies. The effect of 
washing was analyzed and we observed that the BTF adapted and stabilized quickly to 
variations in inlet load when it was washed. Finally, the BTF presented high reproducibility, 
which is convenient for scaling up and validating results. 
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SECTION II. EFFETS DES CONDITIONS 
D'OPERATION SUR LE BIOFILM ET LA 
PERFORMANCE DES BIOFILTRES AVEC ET 
SANS PERCOLATION. 
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Resume 
Cette etude porte sur la biofiltration du methanol dans des biofiltres garnis avec des materiaux 
inertes : argile et polypropylene. L'etude analyse les effets des conditions d'operation sur la 
population microbienne, specifiquement la dynamique des microorganismes specifiques 
(methylotrophes) et non specifiques au methanol. D'autres facteurs contribuant a l'activite 
microbienne ont ete etudies, tels 1'accumulation de biomasse et le contenu d'eau dans le lit 
garni. Afin de caracteriser adequatement le lit filtrant du biofiltre, des methodes 
experimentales ont ete developpees, telles celle relative au calcul de la biomasse presente dans 
le lit filtrant. 
Le biofiltre garni avec 1'argile poreux a donne des taux de conversion avoisinant 95 %, par 
contre le polypropylene (garnissage non poreux) a presente des taux de conversion autour de 
35 %. Pour les deux garnissages, la performance des biofiltres a augmente avec la 
concentration d'azote present dans la solution nutritive. Cependant, pour la concentration 
maximale d'azote utilisee, soit 2.4 gN L"1, la production de biomasse et la densite cellulaire 
des methylotrophes ont presente de 1'inhibition. Le contenu d'eau dans le lit filtrant a ete 
fonction du contenu de biomasse present dans le materiel non poreux. La capacite 
d'elimination a ete associee a la densite cellulaire des microorganismes methylotrophes. La 
charge critique de methanol a ete de 80 g m" h" et a pu etre correlee avec la densite cellulaire 
des methylotrophes la plus elevee. 
Les resultats demontrent que la biofiltration peut etre appliquee pour controler des emissions 
de methanol et peut permettre d'obtenir des taux de conversion eleves. L'etude a permis 
d'eclaircir la relation entre les microorganismes specifiques et la performance du biofiltre. 
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3. Treatment of methanol vapours in biofilters packed with inert 
materials. 
Abstract 
Methanol is a major pollutant emitted in Canada. Methanol is toxic to humans and it is 
associated with environmental problems such as smog generation. Biofiltration is a treatment 
method of considerable interest for controlling methanol emissions, because of its 
characteristics: no production of hazardous wastes, low energy consumption and low 
operating costs. The present study analyzed the effects of porous and non-porous packing 
materials, the nitrogen concentration in nutrient solution and the methanol inlet load on 
biofilter performance and biofilm characteristics. 
The biofilter packed with porous material presented a removal efficiency up to 95%, which 
was higher than the 35% removal efficiency with the non-porous material. IL influenced the 
biomass and carbon dioxide production rates. The critical inlet load (ILcrit) occurred at 80 g 
m"3 h"1. The cellular densities of methylotrophs and non-methylotrophs were affected by all 
operating variables examined. 
Results show that biofiltration can be applied for controlling methanol emissions with high 
removal efficiency. The cellular density of methylotrophs is correlated with the performance 
of the biofilter. 
3.1. Introduction 
Methanol is a volatile organic compound (VOC) which is highly soluble in water. It has a 
wide variety of applications; for example, it is used for producing formaldehyde, acetic acid 
and methyl methacrylate (OPPT, 2007). In 2005, industrial activities released 71.6 and 17.7 
ktons of methanol to the atmosphere in the United States and Canada respectively. In both 
countries, the pulp and paper industry and especially kraft mills contributed at least 65 % of 
these emissions (TRI-EXPLORER, 2007; NPRI, 2007). 
Methanol is a toxic compound whose emissions are regulated in several countries, including 
Canada and the United States (COMMUNICATION CANADA, 2003; EPA, 1990). The 
exposure to methanol vapours produces several effects on human health; including headaches, 
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sleep disorders, gastrointestinal problems and optic nerve damage (OPPT, 2007). Methanol 
can also contribute to the formation of photochemical smog when it enters in contact with 
some radicals generated by other more reactive VOCs (MONOD and coll., 1998). 
VOC emissions have been successfully controlled by applying biofiltration with or without 
percolation (JORIO and coll., 1999). This bioprocess is economically attractive for treating 
effluents with VOC inlet loads resulting from a combination of concentrations smaller than 
10.0 g m"3 and air flow rates up to 100000 m3 h"1 (COOPER and coll., 2002). In this 
bioprocess, the polluted gas passes through a packing material covered by a biofilm 
containing microorganisms which transform the VOCs into carbon dioxide, water, biomass 
and salts (DELHOMENIE and coll., 2005b). 
Since methanol is high biodegradable and water soluble, emissions are successfully controlled 
by biofiltration. However, some studies on methanol biofiltration report that the critical inlet 
load (ILcrit) may be in the range from 100 to 280 g m"3 h"1 (KRAILAS and coll., 2000b; 
PRADO and coll., 2005). Methanol vapours have been also treated by biotrickling filtration. 
This biotechnology had shown higher performance than biofiltration. At similar operating 
conditions of IL from 20 to 250 g m"3 h"1 and CarbomNitrogen mass ratios from 3:1 to 800:1 
of C:N, a biotrickling filter (BTF) presented a nearly stable removal efficiency of 80% while 
that of a biofilter decreased from 90 to 40%. In this comparative study, the bioconversion of 
methanol to carbon dioxide (CO2) and biomass was smaller in the BTF than in the biofilter 
(AVALOS RAMIREZ and coll., 2007a). In a BTF, the nutrient solution apparently reduces 
the inhibition caused by methanol on microorganisms and microbial activity has been 
observed at methanol inlet concentrations as high as 20 g m" . At these concentrations, an 
important percent of methanol (up to 95%) was removed by absorption into the nutrient 
solution (AVALOS RAMIREZ and coll., 2005; AVALOS RAMIREZ and coll., 2007c). 
The performance of a biofilter is affected by different operating parameters, such as the 
nitrogen availability, which can be controlled by means of periodic bed irrigation 
(DELHOMENIE and coll., 2001). The effect of nitrogen on biofilter performance has been 
widely studied (DELHOMENIE and coll., 2001; GRIBBINS and coll., 1998; JORIO and coll., 
2000; MORGENROTH and coll., 1996; SONG and coll., 2003; YANG and coll., 2002). 
Literature results show that the biofilter has a maximal elimination capacity (ECmax) at a 
specific nitrogen concentration and that the form of nitrogen in nutrient solution affects the 
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biofilter performance. For example, in a biofilter treating methanol, the ECmax was 100 g m" 
h4 with ammonium chloride as the source of nitrogen at a concentration of 14.5 gN L"1. The 
same biofilter presented an ECmax of 60 g m"3 h"1 when sodium nitrate was added at a 
concentration of 4.9 gN L"1 (YANG and coll., 2002). The operating conditions influence the 
effect of nitrogen. For example, in biofilters treating toluene different nitrogen concentrations 
and diameters of packing material, from 5 to 20 mm, were tested. Urea was used as nitrogen 
source. At nitrogen concentrations around 4 gN L"1 the ECmax for all diameters occurred in a 
range from 30 to 170 g trf3 h"1 (DELHOMENIE and coll., 2002). In another study treating 
toluene in a biofilter packed with perlite and compost, EC was 25 g m"3 h"1 when nitrogen was 
not added. EC increased up to 100 g m"3 h4 when ammonium nitrate was added at a nitrogen 
concentration of 4.4 gN L"1 (GRIBBINS and coll., 1998). 
In the present study of methanol biofiltration, the objectives are to analyze the effects of the 
nature of packing (porous or non-porous), the nitrogen concentration in nutrient solution and 
the methanol inlet load on biofilter performance and biofilm characteristics. 
3.2. Materials and methods 
The research was divided into two experimental phases. The first phase studied the influence 
on methanol biofiltration of a) nitrogen concentration in nutrient solution and b) packing bed 
material. In the second phase, the influence of methanol inlet load (IL), methanol inlet 
concentration and EBRT on biofilter performance was analyzed. The packing material and the 
nitrogen concentration that had provided the highest removal efficiencies in the first phase 
were selected for operating the biofilters in the second phase. 
3.2.1. Biofilters 
The biofilters were constructed from Plexiglas cylinders with an internal diameter of 0.15 m 
and a total bed height of 1 m divided into three sections of 0.33 m (Figure 3.1). For the first 
phase, two different inert materials were used to pack two biofilters. One biofilter was packed 
with a porous packing of ceramic spheres (Hydroton®, Okotau GmbH, Germany) of 0.012 m 
diameter, 310 m2 m"3 specific surface and 40 % void space, another with a non-porous packing 
of polypropylene spheres (Jaeger Tri-Packs®, Fabco Plastics, Toronto, Canada) of 0.025 m 
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-3 diameter, 280 m m" specific surface and 90% void space. For the second phase, four 
identical biofilters were packed with the material selected in the first phase. 
humidification 
column 






•»- effluent air 









Figure 3.1. Schematic representation of experimental setup. 
Inlet air, dry and particle free, was separated into two streams; one was bubbled in a 
humidification column, the other one was passed through a bubbler containing liquid 
methanol at 20°C in order to evaporate the methanol (98 % w/w, Anachemia, Canada). The 
two air streams were combined before entering the base of the biofilter. The biofilters were 
irrigated once per day with 2.7 L of nutrient solution using a centrifugal pump at a flow rate of 
2.0 L min"1. The nutrient solution had a constant nitrogen-phosphorus-potassium mass ratio of 
3:3:1 throughout the experiments. The nutrients were urea, phosphoric acid neutralized with 
sodium hydroxide and potassium sulphate. No other nutrient was added. 
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The biofilter packed with non-porous material was inoculated with a lixiviate from a 
biotrickling filter which had been treating methanol vapors (AVALOS RAMIREZ and coll., 
2005). When methanol and carbon dioxide (CO2) concentrations of outlet gas of biofilter 
packed with non-porous packing were stabilized (during at least one week), the lixiviate of 
biofilter was used to start up the biofilter packed with porous packing. 
3.2.2. Operating conditions 
For the first phase of the study, the biofilters packed with porous and non-porous material 
were operated at four nitrogen concentrations (0.03, 0.1, 0.6 and 2.4 gN L" ). The inlet air 
temperature was 24°C, the empty bed residence time (EBRT) was 65 s and the methanol inlet 
concentration was 1.5 g m"3, for a constant IL of 80 g m"3 h"1. 
For the second phase, different ILs were tested. When EBRT was kept constant at 65 s, 
biofilters operated at four methanol inlet concentrations of 0.7, 1.5, 2.7 and 4.0 g m"3, which 
corresponded to ILs of 40, 80, 150 and 220 g m"3 h"1 respectively. When methanol inlet 
concentration was kept constant at 1.5 g m" , biofilters operated at four EBRTs of 20, 35, 65 
and 130 s, which corresponded to ILs of 235, 155, 80 and 40 respectively. 
3.2.3. Biofilter performance 
Biofilter performance was analyzed in terms of inlet load (IL), elimination capacity (EC), 
removal efficiency (X) and carbon dioxide production rate (PCO2) defined as follows: 
Q Q 
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Q (c, - c.) 
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where IL, EC and PCO2 have units of g m" h" and X is dimensionless. Q is the total air flow 
•2 1 O 
rate (m h" ), V is the empty bed volume (m ), C is the methanol concentration (g of methanol 
m" ), CO2 is the carbon dioxide concentration (g of CO2 m"), subscript i indicates inlet and 
subscript o indicates outlet. The concentrations of methanol and carbon dioxide in air were 
measured with a total hydrocarbon analyzer Horiba FIA-510 (Horiba, USA) and a portable 
CO2 analyzer Ultramat 22P (Siemens AG, Germany), respectively. The pressure drop in the 
packing bed (AP, cm H2O m"1 of packing bed) was measured with a differential manometer 
(Air Flow Developments, Canada). 
3.2.4. Biomass and liquid content in the packing bed 
Samples of biofilm and packing material were taken from each section one hour after adding 
the nutrient solution. Then the total volatile solids in the biofilm and packing material were 
determined using the method reported by SLUITER and coll. (2005). The liquid content in the 
biofilm was calculated by subtracting the mass of volatile solids from the mass of wet 
biomass. The liquid content per volume of packing bed expressed as kg H2O m"3 of packing 
bed, was calculated by subtracting the mass of the sample of packing material before and after 
drying in an oven at 105 °C, and dividing by the empty volume of the sample. The empty bed 
volume of the sample was measured by means of the increase of the level of water contained 
in a graduate cylinder at 20°C. 
The method developed for calculating the accumulation of wet biomass was derived from the 
method developed by COX and coll. (2001). The accumulation of wet biomass was calculated 
by periodically measuring the total mass of biofilter. The difference between two measures 
was the accumulation of wet biomass for the corresponding period of time. The accumulation 
of dry biomass was calculated by multiplying the wet biomass accumulation by the weighted 
arithmetic average of dry solids. The procedure for calculating the weighted arithmetic 
average of the content of dry volatile solids in biofilm is explained below in the section 
"carbon balances". 
The dry biomass production rate was calculated by following the dry biomass accumulation 
during 14 days. The dry biomass accumulation was divided by the 14-day period expressed in 
hours (336 h) and by the empty bed volume (0.0184 m"3). 
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3.2.5. Characterization of lixiviate 
The lixiviate was recovered in a graduate cylinder each day after bed irrigation. The following 
parameters were determined: a) the volume of lixiviate and the liquid retained by the packing 
bed, which was calculated by subtracting the volume of lixiviate from the 2.7 L of nutrient 
solution added, b) the suspended biomass, which was calculated by differentiating the total 
solids of nutrient solution from those of the lixiviate (Standard Method 2540 B) (APHA, 
1999), and c) the methanol absorbed in the lixiviate by means of a gas chromatograph coupled 
with a mass spectrometer (GC/MS, HP G1800A, Hewlett Packard, USA). 
3.2.6. Microbial counting 
The microbial counting was generally performed with samples of biofilm ten days after 
starting each experiment; because at that time, the biofilter had stabilized and the biofilm 
developed could easily detach from the packing surface. Occasionally, for the study of 
nitrogen effect, a second and a third microbial counting was performed one and/or two weeks 
later if the performance parameters of biofilter (EC and PC02) had not stabilized. For each 
section of biofilter, three samples of 0.15 g of biofilm were taken from the surface of packing 
material with a spatula as follows: 0.15 g of biofilm from the top, 0.15 g from the middle and 
0.15 g from the bottom. The three samples of each section were mixed in sterile media and the 
suspension was homogenized by shaking. Each combined sample of 0.45 g of biofilm per 
section, was used for determining the microbial counting under methylotrophic and non-
methylotrophic conditions. 
The nomenclature of microorganisms hereinafter used is based on literature about 
methylotrophic microorganisms (ANTHONY, 1982; GREEN, 1992; SMITH and coll., 1977), 
where methylotrophs or methanol utilizers are defined as those microorganisms that use Ci 
compounds as substrate. According to this definition, in the present paper the term non-
methylotrophs or non-methanol utilizers is used for indicating those microorganisms that grow 
in multicarbon substrates and are not able to consume Ci compounds. 
The Most Probable Number method for three-essays per dilution (OBLINGER and coll., 
1975) was adapted in 96-well plates (Corning Inc., NY). The culture media for the non-
methylotrophic growth was Bushnell Haas broth (BHb, Difco) enriched with (per litre) 20 g 
NaCl, 2.5 g tryptone, 1.25 g yeast extract, and 0.5 g glucose. For the methylotrophic growth, 
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BHb (Difco) added with 1% V/V of sterilized methanol as the sole carbon source was used. 
The plates were incubated for 72h at 30°C and the microbial growth was detected by UV-
visible spectrophotometry at 600 nm (Bio-Tek Instruments Inc, VT). 
3.2.7. Carbon balances 
A simple carbon balance was used in order to estimate the outlet carbon rate (Cout-caic) by 
means of Eq. 3-1. 
'-'out-calc — ^in-exp — ^acc-exp W"U 
where Cin.exp and Cacc-exp are the inlet and accumulation carbon rates obtained by means of 
experimental measures. All carbon rates have units of g m"3 h'1. They represent the total mass 
of carbon that entered in (Qn-exp), left from (Cout-caio Cout-exp) and accumulated (Cacc-exp) in 
the empty bed volume during a period of 14 days. 
The compounds considered for Qn-exp were the methanol of the inlet air and the urea of the 
nutrient solution. In order to determine the Cacc.exp a new methodology was developed. The 
total mass of three packed sections of biofilter was measured three times per week. At the 
same time, three samples of biofilm from each section were taken for determining the average 
solids content in each section: one from the top, one from the middle and one from the bottom 
of each section. A weighted arithmetic average of dry solids accumulation rate for the whole 
biofilter was calculated. With the assumption that dry solids accumulated in the packing bed 
had the empirical formula CH1.8O0.5N0.2, reported by BAILEY and coll. (1986) as an average 
composition for bacterial biomass, the dry solids accumulation rate was converted to carbon 
accumulation rate. 
The calculated Cout.caic was compared with the experimental Cout.exp in order to determine the 
error of the calculated value. The Cout.exp was obtained with: 1) the carbon dioxide produced 
by the microorganisms (PC02) and the unconverted methanol present in the outlet air stream, 
2) the absorbed methanol (measured with GC/MS) and the suspended biomass present in the 
lixiviate. 
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3.3. Results and discussion 
3.3.1. Effects of nitrogen concentration and packing bed material 
3.3.1.a) Biofilter performance 
The experiments described in this section were carried out at a fixed IL of 80 g m" h"1. Figure 
3.2 shows the effect of the nitrogen concentration in nutrient solution on EC and carbon 
dioxide production rate (PCO2) for the biofilters packed with porous and non-porous packing 
materials. The values of EC and PCO2 are the average of daily data during at least two weeks 
of stable operation in terms of outlet concentrations of methanol and CO2. For the biofilter 
o 1 
with porous packing, the EC increased from 30 g rrT h" (at a nitrogen concentration of 0.03 
1 ^ 1 1 
gN L" ) to 75 g m" h" (at 2.4 gN L" ). In contrast, in the biofilter of non-porous packing the 
EC varied from 20 to 30 g m" h" . For both packing materials when biofilters were operated at 
nitrogen concentration higher than 0.6 gN L" the EC leveled off. An increase of nitrogen 
concentration from 0.6 to 2.4 gN L"1 did not produced any improvement of the biofilter 
performance. For this reason, the concentration of 0.6 gN L"1 was selected for studying the 
effect of methanol IL on biofilter performance. 
As shown in Figure 3.2 and Table 3.1, the PCO2 and the biomass production rate (PB), 
respectively, presented trends similar to that of EC for each packing material. In the case of 
•3 1 
porous packing, the PB increased with nitrogen concentration from 3.8 to 20.6 g m" h" and 
the PCO2 from 25 to 100 g m"3 h"1. In the case of non-porous packing, the PB and the PCO2 
varied in a small range of values. 
The kind of packing material affected the liquid content in the packing bed and consequently 
the biofilter performance. As shown in Table 3.1, the porous packing maintained a liquid 
content around 350 kg of liquid m"3 of packing bed independently of PB. The liquid content of 
non-porous packing bed varied from 21 to 132 kg mf proportionally to PB, which increased 
from 1.1 to 10 kg m"3 h"1, respectively. This confirms that the liquid content variation in the 
packing bed was due to the liquid retained by the biomass accumulated in the packing bed 
(HART and coll., 1999). 
Results of EC, PB and PC02 show that the non-porous packing limited the biofilm activity, by 
presenting a low rate of methanol biodegradation for all nitrogen concentrations. On the other 
hand, liquids could be retained inside the pores of porous material. In this manner, the pores 
play the role of reservoirs for nutrients and methanol. For these reasons, the biofilm of the 
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porous packing would be subjected to less stress than the non-porous when the nitrogen 
concentration or other operating condition changed. This led to the selection of the porous 
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Figure 3.2. Effect of nitrogen concentration on elimination capacity and 
carbon dioxide production rate for both packing materials. The variables are 
identified as follow: (-A-) EC for porous packing, (-•-) PC02 for porous 
packing, (—A—) EC for non-porous packing, (—•--) PCO2 for non-porous 
packing. 
3.3.1.b) Pressure drop 
The pressure drop (AP) was measured daily in both biofilters. Table 3.1 shows the AP for both 
packing materials. The non-porous material with a void space of 90% presented a AP near 
zero for all experiments. The porous material with a void space of 40% presented a AP in the 
range from 0.05 to 0.8 cm H20 m"1 packing bed for a period of time of two weeks. This was 
according to AP observed by DELHOMENIE and col. (2002) in biofilters treating toluene, in 
which the AP increased as the void space decreased. 
Table 3.1 shows that AP was associated with PB in the biofilter packed with porous material. 
In the range of nitrogen concentration from 0.03 to 0.6 gN L"1, the AP increased from 0.03 to 
0.8 cm H2O m"1 of packing bed and PB from 3.8 to 8.2 g m"3 h"1. A similar behavior of AP as a 
function of biomass content was observed by MORGAN-SAGASTUME and coll. (2001) in 
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biofilters treating methanol vapours. In the present study, when nitrogen concentration 
increased from 0.6 to 2.4 gN L' , PB increased to 20.6 g m" h" but AP decreased from 0.8 to 
0.25 cm H2O m"1 of packing bed. At 2.4 gN L"1, the biofilter presented the lowest content of 
liquid in the biofilm, 94.5% + 0.9% s.d. (data not published) which could cause a more 
compact biofilm with a smaller specific volume. 
3.3.1.c) Biofilm 
Figures 3.3a and 3.3b show the evolution of EC and cellular densities for methylotrophs and 
non-methylotrophs in the biofilm of both packing materials, for approximately 150 days at 
different nitrogen concentrations (0.03, 0.1, 0.6 and 2.4 gN L"1) and at a fixed IL of 80 g m~3 
h"1. Figures 3.3a and 3.3b show that the cellular densities of methylotrophs and non-
methylotrophs were function of the nitrogen concentration. 
Figure 3.3a shows that in the range of nitrogen concentration from 0.03 to 0.6 gN L"1, the 
microbial counts of methylotrophs (M) were higher than non-methylotrophs (N-M) in a 
M:N-M ratio of 2 and up to 8 for the porous packing. On day 120, the biofilter started up at 
2.4 gN L" and ten days after operating at this concentration the cellular density of non-
methylotrophs had become greater than that of methylotrophs. As shown in Figure 3.3a, on 
day 130 the non-methylotrophs presented their highest cellular density, which was 6.6x10+1 
cfu g"1 of dry biomass. At this nitrogen concentration the highest PB of 20.6 g m"3 h"1 (Table 
3.1) occurred. It is assumed that the mass transfer of oxygen through the biofilm is by 
diffusion and its concentration depends on the thickness of biofilm and/or the oxygen 
consumption (OKKERSE and coll., 1999a). In this manner, the oxygen availability in the 
deepest layers should drop as biofilm thickness increased because of biomass accumulation. 
This favoured the formation of anaerobic zones, which were visually identifiable on day 135, 
similar to the anaerobic colonies observed by OKKERSE and coll. (1999b). When the biofilter 
was started up at 2.4 gN L"1 on day 120, the cellular density of methylotrophs was 8.7xlO+1° 
cfu g"1 of dry biomass, then it was apparently inhibited by nitrogen concentration and 
decreased to l . lxl0+ 1 0 cfu g"1 of dry biomass on day 130 and finally to 2xl0+9 cfu g"1 on day 
150. Since the growth of non-methylotrophs is supported by the consumption of storage 
compounds produced by methylotrophs, the drop of cellular density of methylotrophs affected 
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the non-methylotrophic population. The cellular density of non-methylotrophs decreased from 
6.6xl0+10 cfu g"1 of dry biomass on day 130 to l.lxl0+i0 cfu g"1 of dry biomass on day 150. 
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Figure 3.3. Evolution of elimination capacity (A), cellular density of 
methylotrophs (•) and non-methylotrophs (•) in biofilters packed with: a) 
porous packing material, and b) non-porous packing material. 
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When the biofilter was packed with non-porous material, both populations coexisted without 
either dominating the other, as shown in Figure 3.3b. The highest cellular densities occurred at 
a nitrogen concentration of 0.1 gN L"1: for methylotrophs 9xl0+1° cfu g"1 of dry biomass and 
for non-methylotrophs 4xl0+10 cfu g"1 of dry biomass. The trends of cellular densities were 
similar to those of the porous packing: the number of methylotrophs dropped with nitrogen 
concentration while that of non-methylotrophs increased. 
In both packing materials, nitrogen became inhibitory for methylotrophic microorganisms at 
high nitrogen concentrations: for the non-porous material at concentrations higher than 0.1 gN 
L"1 and for the porous material at concentrations higher than 0.6 gN L"1. These results agree 
with other studies of methane and methanol biofiltration. These studies report that the biofilter 
performance increased with nitrogen concentration in nutrient solution up to an optimal value 
and then the nitrogen concentration began to inhibit the methylotrophic microorganisms 
(NIKDEMA and coll., 2005; YANG and coll., 2002). 
Figures 3.3a and 3.3b also show that EC was highly associated with cellular density of 
methylotrophs; especially in the case of porous packing material (Figure 3.3a). These results 
suggest that the EC is a good indicator of the metabolic state of specialized microorganisms in 
biofilters. 
3.3.1.d) Carbon balances 
Table 3.2 shows the carbon balances for biofilters packed with porous and non-porous 
material when it was operated at a fixed IL of 80 g m"3 h"1 (methanol inlet concentration of 1.5 
g m"3 and EBRT of 65 s) and four different nitrogen concentrations. Balances were calculated 
with results shown in Figure 3.2 (EC and PCO2) and Table 3.1 (PB and methanol and solids 
content in lixiviate). Other compounds different than methanol were not considered because 
they were not detected by GC/MS in lixiviate samples. 
Since the biomass contains around 50% carbon (BAILEY and coll., 1986), the determination 
of biomass in the packing bed and lixiviate is essential for carbon balances. As opposed to the 
present study, other studies which report carbon balances did not determine the experimental 
biomass accumulation (KRAILAS and coll., 2000b; COX and coll., 2001; MORALES and 
coll., 1998; DESHUSSES, 1997). 
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For porous packing, the calculated Cout-caic presented an error from -17 to +15% with respect 
to the experimental Cout.exp, while the error for the non-porous packing was from -1 to +3%. 
For both packing materials, the absolute value of error for the carbon balances is smaller than 
-18% reported by DESHUSSES (1997). The error obtained in the present research is 
acceptable, since the carbon balances were calculated from experimental data. As shown in 
Table 3.2, the average error and its respective standard deviation was generally higher for the 
porous packing than for the non-porous. The difference between both materials might be due 
to the pores, which could retain nutrients, biomass and water when the packing bed was 
manually washed, before changing the operating conditions. For example, when the biofilters 
started up at 0.6 and 2.4 gN L"1 the PCO2 presented a maximum the first week. This caused 
the Cout-exp to be higher than Cout-caic by around 20 and 30%, respectively. In this way, the 








Methanol inlet load (g m"3 h"1) 
Figure 3.4. Effect of methanol inlet load on elimination capacity (-A-) and 
carbon dioxide production rate (-a-) for the biofilter packed with the porous 
material. EBRT was fixed at 65 s and four methanol inlet concentrations were 
tested. 
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3.3.2. Effects of methanol inlet load 
3.3.2.a) Biofilter performance 
The biofilter packed with porous material was selected to study the effect of methanol IL on 
biofilter performance at a fixed nitrogen concentration of 0.6 gN L"1. Methanol IL was fixed 
by means of EBRT and methanol inlet concentration. Figure 3.4 shows EC and PCO2 for the 
biofilter operated at a fixed EBRT of 65 s and four methanol inlet concentrations in order to 
test different ILs in the range from 40 to 220 g m~3 h"1. Figure 3.5 shows EC and PCO2 for the 
biofilter operated at a fixed methanol inlet concentration of 1.5 g rrf and four EBRT in order 
to test different ILs in the range from 20 to 235 g m 3 h"1. 
According to Figures 3.4 and 3.5, EC and PCO2 had a similar behaviour when IL was smaller 
than 80 g m"3 h"1, whatever the combination of EBRT and methanol inlet concentration used 
-3 1 
for fixing IL. On the other hand, for methanol ILs higher than 80 g m"' h" , the trends of EC 










Methanol inlet load (g m"3 h"1) 
Figure 3.5. Effect of methanol inlet load on elimination capacity (- A-) and 
carbon dioxide production rate (-•-) for the biofilter packed with the porous 
material. Methanol inlet load was fixed at 1.5 g m" and four EBRT were 
tested. 
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Figure 3.4 shows that in the range of IL from 80 to 220 g m"3 h"1, EC increased from 70 to 95 
g m"3 h"1 while PCO2 oscillated around 80 g m"3 h"1. The oscillatory behaviour of PCO2 could 
be due to inhibition-acclimation processes occurring in the biofilm exposed to increments of 
methanol concentration. 
Figure 3.5 shows that in the range of IL from 80 to 235 g m"3 h"1, EC was nearly stable at 
around 60 g m"3 h"1, which means that removal efficiency dropped from 80 to 20%. The 
limitation of EBRT on biofilter performance was also observed in PCO2, which decreased 
from 90 to 50 gm"3^1. 
A special phenomenon was observed when the biofilter operated at the smallest EBRT of 20 s 
(the highest air flow rate of 3 m3 h"1). When the air stream passed through the packing bed, the 
external biofilm layer dehydrated and a dry layer of storage compounds was formed. It was 
observed visually that the dry layer covering the biofilm and packing bed was semi-permeable 
to nutrient solution. The dry layer caused that the absorption of nutrient solution by the 
packing bed decreased from 0.60 L day"1 at an EBRT of 35 s to 0.45 L day"1 at 20 s. This was 
reflected in the liquid content of packing bed, which was 300 kg m"3 at 20 s while it was 
higher than 370 kg m" at any other EBRTs. As a consequence, the smallest removal 
efficiency of 20% occurred at the smallest EBRT of 20 s, because the low liquid content 
diminished the microbial activity (KRAILAS and coll., 2000b). These results show that the 
biofilter was more sensitive to changes of EBRT than methanol inlet concentration in the 
same range of IL. 
Table 3.3 shows that PB increased with IL when EBRT decreased. According to LEAK 
(1992), when methylotrophs are subject to nitrogen or oxygen limitation, the production of 
storage compounds may increase. In the present study, the biofilter could be limited by both 
compounds. For example, nitrogen concentration was fixed at 0.6 gN L"1 and the C:N mass 
ratio increased from 10:1 to 65:1 when IL increased from 40 to 235 g m"3 h"1. The whole 
range of C:N is smaller than the value for C:N of 4:1 calculated with the empirical formula for 
biomass CH1.gO0.5N02 reported in the literature (BAILEY and coll., 1986). In this way, the 
nitrogen limitation increased with IL and for the EBRT of 20 s which corresponded to the 
highest IL of 235 g m" h" , nitrogen limitation was combined with the phenomena of 
permeability mentioned above. The low permeability of biofilm at 20 s could decrease the 
mass transfer of oxygen and cause the limitation of this compound. 
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It should be noted that the oscillatory behavior of EC and PCO2 observed in this study are 
similar to other studies for methanol treatment with biofilters. For example, PRADO and coll. 
(2005) and CHETPATTANANONDH and coll. (2005) observed that EC presented a 
maximum and a minimum with oscillatory trends in a range of IL from 100 to 600 g m"3 h"1. 
PRADO and coll. (2005) also showed that the concentration of CO2 followed a linear 
correlation with methanol concentration, which signifies that PCO2 presented oscillatory 
trends similar to those of EC. 
3.3.2.b) Biofilm 
When the biofilter operated at a fixed EBRT of 65 s and a nitrogen concentration of 0.6 gN 
L"1, the IL was fixed by means of methanol inlet concentration. Table 3.3 shows that 
methylotrophs and non-methylotrophs were apparently inhibited at methanol concentrations 
higher than 1.5 g m"3. When the methanol concentration was increased from 1.5 to 4.0 g m"3, 
cellular densities dropped from 6.4xl010 to 0.5xl010 cfu g"1 dry biomass for non-
methylotrophs and from 17.0xl010 to 4.2xl010 cfu g"1 dry biomass for methylotrophs. As 
indicated above, when the methanol concentration increased, nitrogen could limit the growth 
of microorganisms and induce an overproduction of storage compounds. This would produce 
-5 1 
a nearly constant PB around 8.5 g m" h" , although the cellular densities decreased. In order 
to satisfy the energy requirements to support the overproduction of storage compounds, the 
microorganisms increased the consumption of methanol. This was observed in the trends of 
EC and PC02, which increased when methanol inlet concentration increased from 2.7 to 4.0 g 
m"3. 
On the other hand, when biofilter operated at a methanol inlet concentration of 1.5 g m"3 and a 
nitrogen concentration of 0.6 gN L" , IL was fixed by modifying the EBRT. This signifies that 
the mass of inlet methanol increased at a fixed methanol concentration and the inhibitory 
effect of methanol on microorganisms was smaller than in the previous case, when methanol 
concentration increased. These operating conditions favoured the acclimation of the 
methylotrophs (M) whose cellular density (Table 3.3) was always higher than that of the non-
methylotrophs (N-M). The ratio of cellular densities M:N-M increased successively from 1.5 
to 11 with IL. 
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Table 3.3 shows that the cellular density of the biofilm was higher than the cellular density of 
suspended biomass in the lixiviate most of the time. The biofilm presented cellular densities 
from 2 and up to 50 fold higher than suspended biomass in the lixiviate. These results show 
that the detached biofilm contained fewer active cells than the biofilm which remains on the 
packing bed. This observation agrees with other studies, which proposed that aging and death 
of cells are involved in the detachment of biofilm (DIKS and coll., 1994; KIM and coll., 
2007). 
3.3.2.c) Critical inlet load 
Figures 3.4 and 3.5 and Table 3.3 show that the IL of 80 g m"3 h"1 (methanol inlet 
concentration of 1.5 g m"3 and EBRT of 65 s) was an inflexion point for EC, PC02, PB and 
cellular densities. Critical IL (ILcrit), defined as the IL at which EC begins to level out 
(COOPER and coll., 2002), occurred at 80 g m"3 h"1 whatever was the source of IL variation. 
The highest cellular densities for methylotrophs (17.0xl0+10 cfu g"1 of dry biomass) and non-
methylotrophs (6.4xl0+ cfu g" of dry biomass) were also observed at ILcrit (Table 3.3). 
These results led to the hypothesis that removal efficiency dropped off because IL caused an 
inhibition of methylotrophs and non-methylotrophs, observed as decreases of their cellular 
densities. 
The ILcrit for methanol biofiltration was observed in the range from 100 to 280 g m"3 h"1 
(KRAILAS and coll., 2000b; PRADO and coll., 2005), which is higher than the ILcrit of 80 g 
m~3 h4 obtained here. However, the nutrient solution used in the present study was made up of 
only 3 compounds and no micronutrients. This could be one of the reasons for obtaining a 
• ^ 1 
lower value of ILcrit compared to other studies. In the case of ILcrit of 100 g m" h" 
(KRAILAS and coll., 2000b), the packing bed material was compost, which supplies 
indigenous microorganisms and nutrients. This favors the start up and operation of biofilters. 
For the study in which was obtained an ILcrit of 280 g m"3 h"1 (PRADO and coll., 2005), the 
O 1 
EBRT was kept at 90 s and different IL were tested in the range from 50 to 330 g m" h" . In 
comparison, when EBRT was kept at 65 s in the present study, IL increased from 40 to 235 g 
m 3 h"1. The EBRT at which operated the biofilters in both studies might be an important 
parameter in the difference of ILcrit observed in each case. 
-73 -
3.4. Conclusion 
Biofiltration was applied to treat methanol vapours. Two kinds of inert packing materials were 
tested, porous and non-porous, in the range of nitrogen concentration from 0.03 to 2.4 gN L"1 
T _1 
at a fixed IL of 80 g m" h" . The porous packing performed better than the non-porous in the 
whole range of nitrogen concentration in the nutrient solution. For the porous packing 
biofilter, EC and PCO2 increased with nitrogen concentration, from 30 to 75 g m"3 h"1 for EC 
and from 25 to 100 g m"3 h"1 for PCO2. In contrast, these parameters presented slight 
variations for the biofilter packed with the non-porous material, which had an EC around 25 g 
m" h" and a PCO2 around 30 g m" h" . The biofilter with porous packing provided a nearly 
constant liquid content (around 350 kg m"3), which led the biofilter to reach high removal 
efficiencies at low nitrogen concentration. 
The variations on IL were made by changing the EBRT or the methanol inlet concentration in 
the biofilter packed with the porous material. For IL up to 80 g m"3 h"1 both operating 
conditions produced similar variations on EC or PCO2. For EL higher than 80 g m~3 h"1, the 
value of EC and PCO2 depended on the source of IL variations. For all operating conditions, 
biofilm and lixiviate were characterized in terms of biomass production rate, cellular density 
and liquid content in the packing bed. All these parameters were affected by nitrogen 
concentration, nature of packing material and methanol IL. 
The highest cellular densities of methylotrophs and non-methylotrophs occurred at low 
nitrogen concentrations, between 0.1 and 0.6 gN L"1. The ratio methylotrophsmon-
methylotrophs was used as an indicator in order to understand the trends of performance 
parameters, such as biomass production rate which increased if the ratio increased. The 
variations of IL also affected the cellular densities and in consequence the performance of the 
biofilter. In both cases, when methanol inlet concentration and EBRT caused that IL varied, 
the biofilter presented a critical IL of 80 g m"3 h"1, which was observed at the highest cellular 
density of methylotrophs. 
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Chapitre 4. Biofiltration par percolation d'air pollue avec 
vapeurs de methanol 
Article « Control of methanol vapours in a biotrickling filter: performance analysis and 
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Telecopies: 819-821-7955 
E-mail: Michele.Heitz@USherbrooke.ca (M. Heitz) 
-79-
Resume 
Une etude relative au traitement du methanol avec un biofiltre percolateur a ete realisee. Les 
effets des variables telles la concentration d'azote, le temps de residence et la charge de 
methanol sur la performance du biofiltre percolateur ont ete etudies. Le role de la solution 
nutritive dans 1'enlevement du methanol a l'interieur du biofiltre percolateur a ete analyse. 
Dans cette etude a egalement ete aborde le traitement du methanol a de fortes concentrations 
et charges. Une nouvelle methode pour la determination du coefficient de partition du 
methanol pour un biofiltre percolateur en operation a ete developpee. 
La capacite d'elimination, les taux de production de biomasse et de dioxyde de carbone ont 
augmente avec la concentration d'azote present dans la solution nutritive et avec le temps de 
residence. Le biofiltre percolateur a presente une capacite d'elimination maximale de 2160 g 
m" h"1 pour une charge de methanol a l'entree de 3700 g m"3 h"1. Le methanol a ete enleve de 
la phase gazeuse par deux m6canismes : la biodegradation par les microorganismes presents 
dans le lit filtrant et 1'absorption du methanol par la solution nutritive. L'absorption peut 
representer jusqu'a 80% d'elimination du methanol enleve de la phase gazeuse. 
La solution nutritive a aussi le role de capter l'energie emise par les microorganismes, ce qui a 
permis d'homogeneiser la temperature du lit filtrant autour de 32°C. Pour cette temperature, 
le coefficient de partition du methanol vaut 2.64xl0"4 [mole L_1]gaz / [mole L^lu^e • 
Les resultats demontrent que la biofiltration par percolation permet de traiter de l'air pollue 
avec des vapeurs de methanol. L'etude a permis de demontrer, pour la premiere fois, le role 
de la solution nutritive sur la performance d'un biofiltre percolateur traitant un compose tres 
soluble dans l'eau. 
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4. Control of methanol vapours in a biotrickling filter: 
performance analysis and experimental determination of partition 
coefficient. 
Abstract 
Methanol vapours were treated in a biotrickling filter (BTF) packed with inert polypropylene 
spheres. The effects of nitrogen concentration in nutrient solution, empty bed residence time 
(EBRT) and methanol inlet concentration on BTF performance were studied. The elimination 
capacity (EC), biomass and carbon dioxide production rates increased with nitrogen 
concentration and EBRT. The EC also increased with methanol inlet load (IL) when methanol 
inlet concentration and the EBRT varied from 0.3 to 37.0 g m"3 and from 20 to 65 s, 
respectively. The BTF reached its maximum EC of 2160 g m"3 h"1 when it operated at an IL 
•3 1 
of 3700 g m" h" . Methanol was removed by two mechanisms: biodegradation and absorption 
in liquid phase. The partition coefficient of methanol in the BTF was determined at five 
EBRTs and along the packing bed. It followed the Henry model, with an average value of 
2.64xl0"4 [mol L'l]gJ[mo\ I / 1 ] ^ . 
4.1. Introduction 
The biotrickling filter (BTF) is an efficient air treatment system at high inlet loads of volatile 
organic compounds (VOCs), specifically at concentrations smaller than 10.0 g m"3 and air 
flow rates between 1000 and 100 000 m3 h"1 (COOPER and coll., 2002). The BTF is an 
aerobic bioreactor packed with inert materials in order to provide a support for the biofilm. In 
the biotrickling filter, a nutrient solution is trickled downwards through the filter while the 
gaseous effluent to be treated flows upward. The immobilized microorganisms transform the 
VOCs to carbon dioxide (CO2), water, biomass and occasionally salts (DELHOMENIE and 
coll., 2005b). 
Methanol emissions are regulated in Canada by the Canadian Environmental Protection Act 
(COMMUNICATION CANADA, 2003) and in United States by the Clean Air Act as 
amended in 1990 (EPA, 1990). In 2005, facilities required to report their releases emitted to 
the atmosphere 66 550 tons of methanol year"1 in the United States and 22 240 tons year"1 in 
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Canada. In these countries the pulp and paper industry, especially kraft mills, was the main 
source of methanol released to the atmosphere with at least 65 % of total emissions (NPRI, 
2007; TRI PROGRAM, 2007). 
Previous studies have shown that methanol emissions can be controlled by biofiltration with 
or without percolation (AVALOS RAMIREZ and coll., 2005; PRADO and coll., 2004). Since 
methanol is biodegradable, the elimination capacity (EC) in these bioprocesses is high. 
However, biofilters (BFs) and BTFs are limited by a critical inlet load (IL) after which the 
removal efficiency of bioprocesses decreases (COOPER and coll., 2002). In a BF treating 
methanol, the critical IL has been observed in the range from 100 to 280 g m"3 h"1 (KRAILAS 
and coll., 2000b; PRADO and coll., 2005), and in the case of BTF the critical IL has been 
observed up to 500 g m"3 h"1 (AVALOS RAMIREZ and coll., 2005). 
Since nitrogen is a nutrient which is required in large quantities by the microrganisms, the 
studies on the BF and BTF performance have been focused on the effect of the form and 
concentration of nitrogen in the nutrient solution (HOLUBAR and coll., 1999; SMITH and 
coll., 1994; YANG and coll., 2002). 
The present research is an experimental study of the BTF for controlling methanol vapour 
emissions. The research had as objective to analyse the effects of nitrogen, empty bed 
residence time and methanol inlet concentration on BTF performance. An experimental 
method was also developed in order to determine the partition coefficient (PC) of methanol (a 
water soluble VOC) inside a BTF operating at steady state. In fact, there are few studies about 
the determination of PC of VOCs in air-water biosystems, which are affected by dissolved 
salts, suspended biomass, temperature of BTF and biomass on the packing material (GUPTA 
and coll., 2000; HODGE and coll., 1994; LIN and coll., 2006; TEJA and coll., 2001). 
4.2. Experimental methods 
4.2.1. Biotrickling filter 
Three identical BTFs, were constructed from Plexiglas cylinders with an internal diameter of 
0.15 m and a total bed height of 1 m divided in three sections of 0.33 m. Figure 4.1 shows one 
of these experimental units. Each BTF was packed with inert polypropylene spheres (Jaeger 
Tri-Packs , Fabco Plastics, Toronto, Canada). The humidity and the methanol concentration 
of the gaseous feed stream were controlled by separating the dry and particulate free air into 
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two streams and sending them to two bubblers containing water and methanol, respectively. 
The methanol (98 % w/w, Anachemia, Canada) used was kept at 20°C. The two air streams 















































Figure 4.1. Schematic representation of biotrickling filter. H is the 
dimensionless height of the packing bed. 
The nutrient solution had a fixed nitrogen-phosphorus-potassium mass ratio of 3:3:1 
throughout the experimental programme (Table 4. la). The filter bed was irrigated by means of 
a continuous recirculation of nutrient solution, which was stored in a holding tank. The total 
volume of nutrient solution (16 L) was renewed daily. For all experiments, air and nutrient 
solution flowed countercurrently. The operating conditions for all experiments are 
summarized in Table 4. lb and the performance parameters are defined in Table 4.2. 
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Table 4.1. Specifications of biotrickling filter and operating conditions. 
a) Biotrickling filter 
Packing bed material polypropylene spheres (Jaeger Tri-Packs®) 
Diameter 0.025 m 
Specific surface 280 m2 m3 
Void space 90% 
Empty bed volume 0.0184 m" 
Packing bed height l_m 
Nutrient solution flow rate 2.7 L min"1 
N:P:K mass ratio 3:3:1 
• ureaa for nitrogen (N) 
• phosphoric acid neutralized with sodium hydroxidea for phosphorus (P) 
• potassium sulphatea for potassium (K) 
Compounds indicated are added to tap water. 
b) Operating conditions 
Effect of 
Nitrogen concentration 
in nutrient solution 
Methanol inlet 
concentration 
Empty bed residence 
time 
Nitrogen concentration 
in nutrient solution 
(gN L"1) 
from 0.0 to 0.5 
fixed at 0.005 




fixed at 2.0 
from 0.3 to 37 




fixed at 65 
from 20 to 65 
from 15 to 265 
4.2.2. Start up of biotrickling filters 
The first BTF was inoculated with lixiviate from a biofilter which had been treating methanol 
vapours (DASTOUS and coll., 2005). The operating conditions used for starting-up and 
stabilizing the first BTF were: 1.0 m3 h"1 of air flow rate, 1.0 g m" of methanol inlet 
concentration and 0.005 gN L"1 during 9 weeks. Some packing spheres from the first BTF, 
with biofilm over the surface, were used as the inoculum for starting up the other two BTFs. 
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Table 4.2. Definition of biotrickling filter performance parameters. The BTF 
performance was analyzed in terms of the following parameters: 
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g m"3 h"1 
gm-'h"1 
dimensionless 
g m"3 h"1 
g m 3 h1 
g biomass produced g4 of 
methanol consumed 
g CO2 produced g"1 of 
methanol consumed 
where Q is the total air flow rate (m3 h"1), V is the empty bed volume (m3), © is the 20 
h-recycling period (h), C is the methanol concentration, CB is the dry biomass concentration in 
liquid phase and CO2 is the carbon dioxide concentration, all concentrations in (g m"3). The 
subscript i indicates that the compound is in an inlet stream and subscript o indicates that the 
compound is in an outlet stream. 
4.2.3. Biomass production rate 
In a previous study with a BTF treating methanol at similar operating conditions of the BTFs 
of the present study, the biomass content in the packing bed was nearly constant at steady state 
(AVALOS RAMIREZ and coll., 2005). The concentration of volatile suspended solids (VSS) 
- 8 5 -
in lixiviate had increased when nutrient solution was completely renewed, after recycling 20 
hours. In contrast, the biomass content in the packing bed rested nearly constant. This let to 
the utilization of VSS concentration to calculate the biomass produced by the BTF. The VSS 
concentration in lixiviate was assumed equal to the biomass concentration and it was 
calculated by means of the total solids (TS) concentration (Standard Method 2540-B; APHA, 
1999). The TS concentration was determined in the nutrient solution before and after 
recirculating the nutrient solution during a period of 20 h. The TS concentration of fresh 
nutrient solution was subtracted from the TS concentration of recirculated nutrient solution. 
The difference of TS concentration represents the concentration of VSS accumulated in 
lixiviate during 20 h. The biomass production rate was calculated by multiplying the VSS 
concentration by the volume of nutrient solution (16 L) and dividing by the empty bed volume 
of BTF and the 20 h-recycling period. 
4.2.4. Methanol and carbon dioxide concentrations in gas phase 
The concentrations of methanol and carbon dioxide (CO2) in gas phase were measured with a 
total hydrocarbon analyzer Horiba FIA-510 (Horiba, USA) and a portable CO2 analyzer 
Ultramat 22P (Siemens AG, Germany), respectively. The methanol concentration profiles in 
gas phase were determined at the dimensionless heights (H) of 0.0, 0.33, 0.67 and 1.0. H was 
calculated as follows: 
where hj is the height of the packing bed at the j sampling port (m) and Z is the total height 
of the packing bed (m). 
4.2.5. Fractional carbon load and carbon conversion 
The fractional carbon load (fc-Load) is the carbon load in gas phase at a specific height H with 
respect to the total inlet carbon (C-IL). The fc-Load is calculated by dividing the methanol load 
at the j t h sampling port by the methanol IL. The fractional conversion of inlet carbon to CO2 
(fc-co2) is the fraction of carbon contained in the C-IL which has been converted to CO2 at a 
specific H. The fc-co2 is calculated by dividing C-PCO2 at the sampling port j t h by the C-IL. 
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4.2.6. Partition coefficient of methanol 
After the BTFs had stabilized and presented nearly constant concentrations of methanol and 
C02 in the outlet gas stream, the methanol concentrations in gas and liquid phases were 
measured simultaneously. These values were used to determine a partition coefficient. 
Methanol concentration in gas was measured as indicated above. The concentration of 
methanol in the liquid phase was measured by injecting 5 uL of filtered samples in a gas 
chromatograph coupled with a mass spectrometer (GC/MS, HP G1800A, Hewlett Packard, 
USA). The partition coefficient (PC;) at each j t h sampling port was calculated with Eq. 4-2. 
= ufaogu, 
where [MetOH]gas.j is the concentration of methanol in gas at the j t h sampling port and 
[MetOH]iiquid-j is the corresponding methanol concentration in liquid. Units for both 
concentrations are mol L"1. 
4.3. Results and discussion 
4.3.1. Nitrogen concentration in nutrient solution 
Figure 4.2 shows the evolution of elimination capacity (EC), biomass production rate (PB) 
and CO2 production rate (PCO2) as a function of nitrogen concentration in nutrient solution. 
The nutrient solution was prepared with tap water which contained 0.00015 gN L"1 of 
ammoniacal nitrogen. Phosphorus and potassium were also present in tap water in a N:P:K 
mass ratio of 1:1:10. The content of these nutrients in tap water supported the biological 
activity in the BTF when any nutrient was not added. In this case the BTF presented a PB of 
2.6 g m"3 h"1 and a PC02 of 7.1 g m"3 h"1. 
EC, PB and PCO2 increased with nitrogen concentration. EC and PB presented similar trends. 
In the range of nitrogen concentration from 0 to 0.005 gN L"1, EC increased from 75 to 85 g 
m"3 h"1 and PB from 2.6 to 6.7 g m"3 h"1. When nitrogen concentration was higher than 0.005 
gN L" , EC and PB tended to a plateau. Some authors report that at low nitrogen concentration 
the methanol oxidation with methylotrophs is induced by nitrogen, whereas at high nitrogen 
concentration the same compound becomes inhibitory (REAY and coll., 2004; SMITH and 
coll., 1977). For example, YANG and coll. (2002) show that the EC and PB decreased in a 
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biofilter treating methanol when operated at high nitrogen concentration corresponding to a 
nitrogenxarbon (C:N) mass ratio of 10:4. In the BTF of the present study, EC and PB were 
not inhibited but they tended to a plateau at the highest nitrogen concentration tested of 0.5 gN 
L"1 (not shown in Figure 4.2), which corresponded to a C:N mass ratio of 10:5. 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 
Nitrogen concentration in nutrient solution (gN L"1) 
Figure 4.2. Effect of nitrogen concentration on elimination capacity (•), 
biomass production rate (•) and carbon dioxide production rate (A) at fixed 
EBRT of 65 s and methanol inlet concentration of 2 g m"3. In the Figure are 
presented the average values with their respective standard deviations. 
Figure 4.2 shows also that PCO2 increased with nitrogen concentration, but unlike EC and PB, 
PCO2 had a small increase initially, from 7.1 to 11 g m" h in the range of nitrogen 
concentration from 0 to 0.005 gN L"1. Then, in the range from 0.005 to 0.1 gN L"\ PC02 
increased from 11 to 47 g m"3 h"1. Some authors report also that PCO2 increases with a 
different tendency that PB does (MOE and coll., 2001; ZHU and coll., 1996). Since nitrogen 
is essential for specific and non-specific microorganisms, the cellular densities of both 
populations are able to increase with increased nitrogen concentration. In the case of methanol 
biofiltration, the methylotrophs produce storage compounds, such as exo-polysaccharides, 
which are consumed by the non-methylotrophs (LEAK, 1992). If both populations increase 
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with nitrogen concentration, the production and consumption rates of storage compounds also 
increase. In this way, as shown in Figure 4.2, the PB increased slightly because the storage 
compounds are consumed. The increase of cellular densities caused an increase on the energy 
requirements of microbial population which have to oxidize methanol and storage compounds 
in order to satisfy these requirements. In this way, PCO2 increased highly with nitrogen 
concentration. 
As mentioned above, at nitrogen concentrations higher than 0.005 gN L"1, the removal 
efficiency and the PB increased slightly. This let to the selection of a nitrogen concentration of 
0.005 gN L"1 for analyzing the effects of other variables, such as empty bed residence time 
(EBRT), on performance parameters. 
4.3.2. Empty bed residence time 
Figure 4.3a shows IL, EC, PB and PCO2 in terms of their carbon content (C-IL, C-EC, C-PB 
and C-PCO2) as a function of EBRT. The C-IL (dotted line) is the total carbon which enters to 
the BTF and the C-EC (solid line) is the total carbon which is removed from the gas phase. 
For this experimental study, the BTF was operated at a methanol inlet concentration of 2 g m"3 
and five EBRT in the range from 20 to 265 s were tested. 
As shown in Figure 4.3a, the C-EC approached to C-IL as the EBRT increased. When the 
BTF operated at 20 s, C-IL was 131 g of C m 3 h"1 and C-EC was 51 g of C m"3 h"1. At 265 s, 
C-IL was 10 g of C m"3 h"1 and C-EC was 9 g of C rn3 h"1. In Figure 4.3a, C-PB and C-PC02 
are the rates at which carbon is converted to biomass and C02. The addition of both rates (C-
PB + C-PCO2) is the total carbon removed by microbial activity (dashed line), which 
increased from 6.1 to 7.3 g of C m"3 h"1 for the range of EBRTs studied. Since methanol is 
water soluble, it can be removed by absorption into the liquid phase. The rate at which 
methanol was removed by absorption (C-MetOHabSorbed) was calculated by subtracting the 
value of methanol removed by microbial activity from the corresponding value of total 
removal of methanol from gas phase (C-EC) and expressed as follows: 
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Figure 4.3. Effect of the empty bed residence time on removal and conversion 
of methanol at fixed nitrogen concentration in nutrient solution of 0.005 gN 
L*1 and methanol inlet concentration of 2 g m"3. Figure 4.3a shows the 
equivalent carbon rates for inlet load C-IL (~o—), elimination capacity C-EC 
(—0—), biomass production rate C-PB (A), carbon dioxide production rate 
C-PC02 (a) and the addition of (C-PB + C-PCO2) ( ). Figure 4.3b shows 
the average values (± standard deviation) of removal efficiency (A), carbon 
dioxide yield coefficient YCO2 (•) and biomass yield coefficient YB (•). 
According to Figure 4.3a, C-MetOHabSOrbed (gray area) was function of EBRT and decreased 
from 45 g of C m"3 h"1 at 20 s to 2 g of C m"3 h"1 at 265 s. 
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Figure 4.3b shows the effect of EBRT on removal efficiency (X) and methanol conversion to 
biomass (YB) and CO2 (YCO2). The BTF improved its performance with EBRT by increasing 
X from 20 to 90% in the range of EBRT from 20 to 265 s. In the same range of EBRT, YB 
and YCO2 increased with similar tendencies and presented values from around 0.05 to 0.35 g 
of biomass or CO2 g"1 methanol consumed. According to Figure 4.3b, as EBRT increased, the 
time for absorbing, transporting and degrading methanol in the biofilm also increased. The YB 
and YCO2 increased with EBRT at a nearly constant rate. Since the nitrogen concentration in 
nutrient solution and the methanol inlet concentration were fixed, the microbial species in 
biofilm should not present changes. This means that the increase of YB and YCO2 was due to 
the increase of time for occurring the phenomena mentioned above. 
4.3.3. Methanol inlet concentration 
Figure 4.4 shows the evolution of EC as a function of methanol IL at a fixed nitrogen 
concentration of 0.005 gN L4. The IL was varied by operating the BTF at three EBRTs (20, 
30 and 65 s) in a range of methanol inlet concentration from 0.3 to 37 g m" . EC increased 
with IL and a tendency curve of first order kinetic fitted to the ECs of three EBRTs. The 
maximum EC was 2160 g m"3 h"1 and was observed at the highest IL of 3700 g m"3 h"1. At this 
IL, the EC tended to the region where it becomes independent of IL, which means that the 
pollutant is removed by means of a zeroth order reaction (OTTENGRAF and coll., 1983). 
These results presented a similar behaviour of those reported by AVALOS RAMIREZ and 
coll. (2007b) for a BTF treating ethanol vapours. The authors observed that at an ethanol IL as 
high as 1610 g m" h" , the BTF did not reach the region at which the kinetic of pollutant 
degradation is of zero* order. In a study performed by SOLOGAR and coll. (2003), a BTF 
treating methanol was tested at ILs up to 400 g m"3 h"1 and the behaviour of EC was similar to 
that observed in the present study. The EC followed a first order kinetic and not a zero order 
kinetic behavior. 
Figures 4.5a and 4.5b show the evolution of YB and YCO2 as functions of methanol inlet 
concentration. For the three EBRTs (20, 30 and 65 s), YB and YCO2 dropped immediately. In 
the range of methanol inlet concentration from 0.3 to 2 g m3, YB decreased from 0.54 to 
0.055 g of biomass produced g"1 of methanol consumed and YCO2 from 0.57 to 0.1 g of CO2 
_ i O 
produced g" of methanol consumed. For concentrations higher than 2 g m" , YB and YCO2 
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decreased slightly and tended to nearly constant values of 0.005 and 0.01 g of biomass or CO2 
produced g"1 of methanol consumed, respectively. The YB obtained at small methanol 
concentrations is comparable to the YB reported in literature for methylotrophs, which is in 
the range from 0.3 to 0.54 g of biomass produced g"1 of methanol consumed (CRUEGER and 
coll., 1990). A similar behaviour for YB and YCO2 was observed in a BTF treating air 
polluted with ethanol, a very water soluble VOC (AVALOS RAMIREZ and coll., 2005). 
4000 
4000 
Methanol inlet load (g m'3 h'1) 
Figure 4.4. Elimination capacity as a function of methanol inlet load. The 
biotrickling filters operated at fixed nitrogen concentration of 0.005 gN L" 
and EBRTs of 20 s (a), 30 s (A) and 65 s (0) in the range of methanol inlet 
concentration from 0.3 to 37 g m"". 
In BTFs operating at steady state, the concentration of methanol in liquid increased 
proportionally with the concentration in the gaseous phase. The increase of methanol 
concentration in liquid caused the inhibition of specific and non-specific microorganisms. But, 
as shown in Figures 4.5a and 4.5b, the BTF presented microbial activity at a methanol inlet 
concentration as high as 37 g m" . For this concentration, the logarithmic average 
concentration (Qn) in the BTF was 20 g m"3. Assuming that methanol concentrations in gas 
and liquid phases were in equilibrium and using the partition coefficient of methanol in water 
at 32°C equal to 3.05xl0~4 [mol L'^gJlmol L / ^ d (GUPTA and coll., 2000), the highest 
concentration of methanol in liquid was around 65 g L"1. At this concentration methylotrophs 
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were able to biodegrade small quantities of methanol. But at high methanol concentrations or 
ILs, PB and PCO2 were negligible in comparison to the values of EC observed. For example, 
for ILs higher than 800 g m"3 h"1, PCO2 was in the range from 15 to 22 g m~3 h"1 and PB was 
around 5 g m"3 h"1 while EC was higher than 500 g m~3 h"1. This shows that the methanol 
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Figure 4.5. Effect of methanol inlet concentration on a) biomass yield 
coefficient (YB) and b) carbon dioxide yield coefficient (YCO2). The 
biotrickling filters operated at fixed nitrogen concentration of 0.005 gN L"1 
and 3 EBRTs: 20 s (a), 30 s (A) and 65 s (0). 
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The range of methanol inlet concentration at which operates a BTF for treating methanol 
vapours in industrial facilities is smaller than the range tested in the present study. For 
example, the average concentration of methanol in gas effluents from pulp and paper industry 
is around 0.4 g m"3 (GARNER, 1996). This means that for industrial applications, the BTF 
should operate at methanol inlet concentrations which produce high performance and high 
yield coefficients of biomass and CO2. According to Figures 4.4, 4.5a and 4.5b, at methanol 
inlet concentrations equal or smaller than 0.4 g nV3, the BTF presented removal efficiencies 
higher than 90%. Similarly, YB and YCO2 are higher than 0.2 and 0.3 g of biomass or CO2 





0.0 0.2 0.4 0.6 o.i 
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Figure 4.6. Profiles of fractional carbon load fc-Load (- -) and fractional 
conversion of carbon load to carbon dioxide fc-co2 ( ) along the packing 
bed height. The EBRTs for fc-Load and fc-co2 are designed as follows: 20 s (A), 
30 s (•), 65 s (o), 130 s (x) and 265 s (0). 
4.3.4. Methanol removal profiles 
Figure 4.6 shows the evolution of the fractional carbon load (fc-Load) and the fractional 
conversion of inlet carbon to CO2 (fc-co2) as functions of the dimensionless height of packing 
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bed (H). The profiles of fc-Load and fc-co* were determined at a constant methanol inlet 
concentration of 2 g m3 and five EBRTs: 20, 30, 65, 130 and 265 s. According to Figure 4.6, 
when the BTF operated at 265 s, the fC-Load was 0.2 at H=0.33, 0.1 at H=0.67 and 0.1 at H=l, 
which corresponded to X of 90%. In comparison, when the BTF operated at 20 s, the fc-Load 
was 0.9 at H=0.33, 0.7 at H=0.67 and 0.6 at H=l, which represented X of 40%. This confirms 
the observations discussed above, methanol removal increased with EBRT. 
As opposed to fc-Load, the fcco2 presented nearly constant slopes for the 5 EBRTs tested. As 
shown in Figures 4.5a and 4.5b PB and PCO2 correlated highly through all the experiments. 
Since carbon contained in the methanol molecule is converted to biomass and CO2, it is 
possible to use the CO2 as an indicator of methanol elimination by microbial activity. In this 
way, the constant slopes of fc-co: suggest that the biodegradation rates of methanol were 
uniform along the packing bed. The comparison of the constant slopes of fc-co2 to the slopes 
of fc -Load shows that methanol was removed by means of a constant biodegradation rate at 
each EBRT and a variable absorption rate which was function of EBRT and H. The methanol 
removal profiles observed in the present study are characteristic of water soluble VOCs. For 
example, similar removal profiles have been observed in the biotrickling filtration of water 
soluble VOCs, such as methylethylketone and methylacetate (CHOU and coll., 1997; LU and 
coll., 2001). 
4.3.5. Temperature of packing bed and lixiviate 
Figure 4.7 shows the difference of temperatures ATpD between the temperature of the packing 
bed and the temperature of laboratory (Te), around 24°C, along H and as a function of EBRT. 
Figure 4.7 shows also the difference of temperature ATns between the temperature of nutrient 
solution in the holding tank and Te. ATns was smaller than ATpb in the range of EBRT from 20 
to 265 s. At an EBRT of 15 s it was observed that ATns was equal to ATPb for the three 
sections of packing bed. When the BTF operated at 15 s, the production of biomass and CO2 
was not detectable. This suggests that the BTF did not present microbial activity at 15 s. In 
this way, ATns and ATpb at 15 s were due to the heating effect of nutrient solution, which 
absorbed the heat diffused by the centrifugal pump when it was pumped to the BTF. In this 
way, when nutrient solution trickled through the BTF, it heated the packing material and 
maintained a constant temperature along the packing bed. 
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Figure 4.7. Evolution of the differences of temperature for the packing bed 
(ATpb) and for the nutrient solution (ATns) with respect to the external 
temperature (24°C). The ATPb at each dimensionless packing bed height is 
indicated as follows: H=0.33 (•), H=0.67 (A), H=l (o). The ATns is indicated 
by (0). 
For EBRTs equal or higher than 65 s, ATns and ATPb were nearly stable at around 7 °C and 8.5 
°C, respectively. According to Figure 4.3a, the PB and PCO2 increased slightly in the range 
from 65 to 265 s. This signifies that the rate at which the energy was released by the 
bioreaction to the environment was nearly constant. This energy should be also absorbed by 
the nutrient solution. In this way, the nutrient solution maintained a constant and uniform 
temperature in the packing bed by releasing or receiving energy. This favoured the methanol 
removal because the BTF operated at 32°C, near the optimal temperature of methylotrophic 
growth which is around 30°C (GREEN, 1992). 
4.3.6. Partition coefficient 
Figure 4.8a shows the evolution of average methanol concentrations in gas and liquid phases 
inside the BTF as a function of EBRT. The experiments were performed at a fixed methanol 
inlet concentration of 2 g m"3 and at nearly constant temperature around 32°C along the 
packing bed. The methanol concentrations in both phases decreased with EBRT from 1.7xl0"4 
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to O.OlxlO"4 mol L"1 in gas phase and from 0.1 to 0.02 mol L"1 in the liquid phase. The average 
concentrations for both phases in Figure 4.8a are well described by Eq. 2. This suggests that 
methanol concentration in both phases reached the thermodynamic equilibrium in the BTF. 
100 150 200 
Empty bed residence time (s) 
b) 
150 200 
Empty bed residence time (s) 
300 
Figure 4.8. a) Average of methanol concentration in gas (D) and liquid (0) 
phases as functions of empty bed residence time, b) Partition coefficient along 
the packing bed height: H=0.0 (0), H=0.33 (A), H=0.66 (•), H=1.0 (o). 
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Figure 4.8b shows the partition coefficient (PC) at the j sampling port for the five EBRTs 
tested. The PC at H=0.0 was higher than the PC observed at H from 0.33 to 1. The H=0.0 
corresponded to the inlet of air stream to the BTF, where the gas and the liquid come in 
contact. This suggests that the PC for H=0.0 was calculated with methanol concentrations in 
gas and liquid phases which were not in equilibrium, because both phases need to be in 
contact a certain time in order to transfer the VOC from gas to liquid and reach the 
equilibrium. For the H in the range from 0.33 to 1.0, the PC was not affected by EBRT and 
had an average value of 2.64xl0"4 [mol L'l]gaJ[mo\ L'l]nquiti. 
In the determinations of PC, the BTF was operated with a nutrient solution which had low 
concentration of salts. In this way, the PC obtained was compared to the PC for methanol in 
water at 32°C, which was calculated with data published by GUPTA and coll. (2000) and was 
equal to 3.05xl0"4 [mol L'\aJ[mo\ L'^ uquid. The PC calculated was 15% higher than the PC 
obtained in the present study. As shown in the literature (LIN and coll., 2006; TEJA and coll., 
2001), the presence of compounds which modify the solubility of VOCs in water affects the 
PC. For example salts and suspended biomass generally reduce the solubility of VOCs in 
water and in consequence their concentration in the liquid phase. According to Eq. 2, when 
the concentration of VOC in the liquid decreases, the PC increases. 
From 50 to 90% of the carbon contained in the biomass produced by microorganisms could be 
in the form of extracellular polymeric substances (EPS) (BAKKE and coll., 1984). The EPS 
are compounds rich in polar constituents (positive and negative charged residues) which are 
able to bind water (HART and coll., 1999). Additionally, FARRUGIA (1999) observed that 
the biofilm developed in biofilters treating methanol contained a high percentage of EPS. 
Since methanol is a polar molecule which could be also attracted by polar residues, the 
presence of EPS in the nutrient solution instead of decreasing the solubility of methanol might 
produce the opposite effect and cause PC to decrease, which was observed in the present 
study. 
4.4. Conclusion 
The treatment of methanol vapours in biotrickling filters packed with inert polypropylene 
spheres was studied. The elimination capacity, biomass and carbon dioxide production rates 
increased with nitrogen concentration in the range from 0.0 to 0.1 gN L"1. The biotrickling 
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filter presented microbial activity when it operated with tap water without adding nutrients. A 
nitrogen concentration of 0.005 gN L"1 was selected for studying the effects of empty bed 
residence time (EBRT) on biotrickling filter performance. Removal efficiency and biomass 
and carbon dioxide yield coefficients increased with EBRT. 
The biotrickling filter presented its maximum EC of 2160 g m"3 h"1 at an IL of 3700 g m"3 h"1. 
Methanol was removed by two mechanisms: biodegradation and absorption in liquid. The 
continuous trickling of nutrient solution produced uniform degradation rates which were 
function of EBRT and a nearly constant temperature of 32°C along the packing bed. The 
biotrickling filter operating at the steady state at 32°C had an average value for the methanol 
partition coefficient of 2.64xl0"04 [mol L'\aJ[mol L'1]^^. 
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SECTION III. DETERMINATION DES 
PARAMETRES CINETIQUES DE LA 
CROISSANCE MICROBIENNE ET DE LA 
BIODEGRADATION DE COMPOSES 
ORGANIQUES VOLATILS DANS DES 
BIOFILTRES AVEC ET SANS PERCOLATION. 
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Chapitre 5. Methode pour determiner les parametres microcinetiques d'un 
consortium microbien present dans le biofilm developpe dans un biofiltre 
traitant des vapeurs de methanol garni avec un lit inerte 
Article « Experimental calculation of micro-kinetic parameters of a microbial consortium 
degrading methanol in an air treatment biofilter», qui a ete soumis dans le journal 
« Biodegradation ». 
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E-mail: Michele.Heitz@USherbrooke.ca (M. Heitz) 
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Resume 
Une nouvelle methode experimentale pour calculer les parametres cinetiques de croissance 
d'un biofilm developpe dans un biofiltre traitant du methanol a et6 developpee. La methode 
consiste en la determination des parametres cinetiques sous des conditions proches de celles 
auxquelles le biofilm est expose dans un biofiltre operant en regime quasi-permanent. Une 
procedure mathematique a 6te adaptee pour calculer les parametres cinetiques a partir des 
concentrations de methanol et de dioxyde de carbone presents dans la phase gazeuse d'un 
bior6acteur. La procedure mathematique utilisee etablit une difference entre la quantite de 
methanol absorbe et celle biodegradee. 
Les parametres microcinetiques ont ete determines a une temperature de 25°C. Les resultats 
demontrent que la vitesse de croissance specifique a repondu au modele d'Haldane, etant 
donne que le methanol inhibe les microorganismes. Les vitesses de croissance maximales 
experimentales ont ete de 0.049 h"1 pour un biofiltre garni avec des spheres d'argile et de 
0.007 h" pour un biofiltre garni avec des boulettes de compost, tandis que les vitesses de 
croissance maximales calculees avec le modele d'Haldane ont ete respectivement de 0.044 et 
0.007 h"1. 
II a ete observe que si les concentrations de methanol dans le gaz et le biofilm s'approchent de 
l'equilibre thermodynamique, la diminution de la concentration de methanol dans la phase 
gazeuse est controlee par le taux de biodegradation du methanol dans le biofilm, lequel reste 
constant. La methode developpee peut etre applique aux biofiltres traitant d'autres composes 
organiques volatils solubles dans l'eau. 
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5. Experimental calculation of micro-kinetic parameters of a 
microbial consortium degrading methanol in an air treatment 
biofilter 
Abstract 
An experimental method for calculating the microkinetic parameters of a microbial 
consortium which degrades methanol in an air treatment biofilter was developed. The kinetic 
parameters for microbial growth were calculated by taking biomass from biofilters packed 
with clay spheres or compost pellets. The micro-kinetic runs were carried out in batch 
bioreactors at a constant temperature of 25°C. The results obtained show that the growth rate 
of microorganisms was inhibited by methanol concentrations in biofilm higher than 13 kg m"3 
for clay spheres and 40 kg m"3 for compost pellets. The Haldane model fitted to experimental 
specific growth rate u in both cases. umax estimated with this model was 0.044 h"1 for clay 
spheres and 0.007 h"1 for compost pellets. The method developed in the present study could be 
easily applied to biofilters treating water soluble organic volatile compounds. 
5.1. Introduction 
The control of emissions of volatile organic compounds (VOCs) to the atmosphere by means 
of bioprocesses, such as biofiltration, has increased since the 1980s (JORIO and coll., 1999). 
VOC biodegradation inside biofilters occurs through a combination of biological, physical and 
chemical phenomena. The performance of biofilters depends on packing material and type of 
microorganisms present in the biofilters (DELHOMENIE and coll., 2005b). The 
understanding of these phenomena leads to an appropriate selection of operating conditions 
for the biofilter. In order to estimate the biofilter performance, mathematical models with 
macrokinetic or microkinetic approaches have been developed as reported by STREESE and 
coll. (2005) and IKEMOTO and coll. (2006). 
In general, the mathematical models with a microkinetic approach include a cell growth model 
whose kinetic parameters must be determined experimentally. These kinetic parameters are 
function of the kind and concentration of microorganisms in the biofilm as well as the 
pollutant to be treated. Several methods developed to determine these parameters use pure or 
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isolated strains in suspended culture (JUTEAU, 1997; SHAREEFDEEN and coll., 1993; 
OTTENGRAF and coll., 1983) instead of the microbial consortium developed in the biofilters. 
In order to calculate the microkinetic parameters for the real conditions to which the biofilm is 
subjected in the biofilters, recent studies proposed the use of biofilm immobilized on the 
packing material (DELHOMENIE, 2002; GOVIND and coll., 1997). With this objective, 
DELHOMENIE (2002) developed a method for calculating the kinetics of microbial growth 
rate for a biofilter packed with compost pellets for treating toluene. The method consists of 
taking packing material covered with biofilm and putting it in a batch bioreactor in order to 
follow the biodegradation of toluene. 
In a bioreactor for determining the kinetics of microbial growth, the concentration in gas 
phase of water soluble VOCs, such as methanol, presents a behaviour which is different than 
that of low water soluble VOCs, such as toluene. For high water soluble VOCs, a new 
experimental method and the appropriate mathematical procedure must be developed to 
account for the rapid absorption of water soluble VOC. The mathematical procedure must 
include steps which allow determining the amounts of VOC biodegraded and VOC absorbed. 
This leads to the estimation of actual kinetic parameters. The present study was focussed on 
developing a method for calculating the growth kinetic parameters of a microbial consortium 
present in a biofilter treating methanol, a high water soluble VOC. 
5.2. Materials and methods 
5.2.1. Biofilters 
Two biofilters were constructed from Plexiglas cylinders with an internal diameter of 0.15 m 
and a total bed height of 1 m. One biofilter was packed with compost pellets and the other 
with clay spheres (Hydroton®, Okotau GmbH, Germany). Biofilters were inoculated with a 
lixiviate issued from a biotrickling filter which had been treating methanol vapors (AVALOS 
RAMIREZ and coll., 2005). Both biofilters were operated at a methanol inlet concentration of 
1.5 g m"3 and 130 s of empty bed residence time. 
5.2.2. Kinetic bioreactors and handling of packing material 
When the biofilter operated at steady state, samples of biofilm were taken. In the case of 
biofilter packed with clay spheres, the samples were clay spheres covered with biofilm. In the 
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case of biofilter packed with compost pellets, the samples were biofilm detached from the 
pellets. A sample was introduced for 1 hour in a sealed chamber and a clean and humidified 
air stream circulated inside in order to deplete the methanol contained in the biofilm. Hermetic 
and sterile Pyrex bottles with a total volume of 600 mL (model #1396, Corning, US) were 
used as batch bioreactors. The bioreactors were equipped with open top caps for fixing a 
septum of polytetrafluoroethylene (PTFE) faced silicone (model GL45, Kimble/Kontes, US). 
The sample was put into a bioreactor which was hermetically closed and maintained at 
constant temperature of 25°C in a controlled temperature bath (Julabo, model P, Germany). 
One hour after putting the bioreactor in the constant temperature bath, a known volume of 
liquid methanol was injected into the bioreactor by using liquid handling syringes from 5 to 
100 uL (Hamilton, US). During each kinetic experiment, the methanol and carbon dioxide 
concentrations in the bioreactor headspace were followed by taking 100 uL samples of gas 
with a manual injection GC syringe (Gastight #1710, Hamilton Co., US). The gas samples 
were analyzed in a gas chromatograph coupled to a mass spectrometer (GC/MS, HP G1800A, 
Hewlett Packard, USA). The GC was periodically calibrated with known amounts of methanol 
(98 % w/w, Anachemia, Canada) taken from a calibration unit. 
After finishing the kinetic experiment, the sample contained in the bioreactor was transferred 
to a porcelain crucible and dried at 105°C in order to determine the water content (SLUITER 
and coll., 2005). The crucibles were put into an oven for calcining the volatile solids and 
determining the final dry biomass according to the Standard Method 2540-E (APHA 1999). 
The density of biofilm was determined periodically by taking approximately 1 g of biofilm in 
a 10 mL volumetric flask. The total volume (10 mL) was filled with distillated water at 20°C. 
The volume of water added let to the calculation of the volume of biofilm. The mass of 
biofilm was calculated by subtracting the masses of the flask with and without biofilm. The 
density of the biofilm was calculated by dividing the mass of biofilm by its volume. 
The volume of biofilm in the sample was calculated by dividing the wet mass of biofilm 
contained in the sample by the density of biofilm calculated above. When the sample was the 
biofilm detached from compost pellets, the total volume of the sample was the volume of 
biofilm. When the sample was clay spheres, the total volume of the sample was the addition of 
biofilm and clay spheres volumes. The volume of clay spheres was measured by placing them 
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after calcining in a graduated cylinder containing a known volume of water. The increase of 
liquid level in the cylinder indicated the volume of clay spheres. 
5.3. Results 
Figure 5.1 shows the decrease of methanol concentration in the gas phase (CMetOH-gas) of the 
bioreactor containing clay spheres covered with biofilm. For the experiment presented in 
Figure 1, 15 uL of liquid methanol were injected at 0 h. Methanol evaporated instantaneously 
and at 0.025 h the CMetOH-gas increased up to 11.5 g m"3. Afterwards, the CMetOH-gas decreased 
with time and at the end of experiment, at 6.1 h, it was 0.85 g m"3, which corresponded to a 
decrease of 85%. 
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Figure 5.1. Evolution of methanol (—A—) and carbon dioxide (—•—) 
concentrations in the gas phase of batch bioreactor. For the kinetic 
experiment, 15 uL of liquid methanol were injected in the bioreactor. 
Evolution of methanol concentration in the blank (0) containing drops of 
water in the bioreactor. 
In Figure 5.1, it is possible to identify two regions for the behavior of CMetOH-gas- Region 1 
occurred at the beginning of the experience and finished at around 2.5 h. This region was 
characterized by a quick decrease of CMetOH-gas* from 11.5 g m"3 at 0.025 h to 2.5 g m"3 at 2.5 
h. For all methanol concentrations tested, the region 1 presented the same behavior and varied 
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from 1 to 3 hours long. The duration of region 1 was a function of the volume of liquid 
methanol injected. In Figure 5.1, region 2 was characterized by a slow decrease of CMetOH-gas, 
from 2.5 g m" at 2.5 h to 0.85 g m" at 6.1 h. Region 2 presented the same behavior for all 
methanol concentrations. 
Figure 5.1 shows also the CO2 concentration in gas (Cco2-gas) as a function of time. Cco^ -gas 
increased from 0.25 g m"3 at 0.025 h to 2.5 g m"3 at 6.1 h. 
Figure 5.2 presents the evolution of methanol concentration in the biofilm (CMetOH-biofiim) for 
the bioreactor presented in Figure 1. At Oh, CMetOH-biofiim was near zero and increased up to a 
maximum value of 6.4 kg m" at 0.8 h, afterwards it decreased with time and had a value of 
4.1 kg m" at the end of the experiment, at 6.1 h. 
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Figure 5.2. Evolution of methanol concentration in biofilm (•) in the gas 
phase of batch bioreactor. The experiment corresponds to data presented in 
Figure 5.1. 
Figure 5.3 shows the logarithm of biomass as a function of time for the experiment presented 
in Figure 5.1. Figure 5.3 shows that biomass increased with time at a specific growth rate (u) 
of 0.017 h"1. 
Figure 5.4 shows u..as a function of CMetOH-biofiim for the biofilm developed in the biofilter 
packed with clay spheres. The experiments were performed at CMetOH-biofiim ranging from 0.5 
to 48 kg m"3. The maximal (a, (Umax) was 0.049 h"1 and occurred at a CMetOH-biofiim of 13.2 kg 
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m" . Figure 5.4 shows the experimental (j, (lozenges) and u estimated with the Monod model 
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Figure 5.3. Ln (B) as a function of time for the experiment presented in Figure 
1. The slope of 0.017 h" calculated by linear regression corresponds to the 
specific growth rate (u) for a methanol concentration in biofilm of 6.4 kg m"3. 
0.06 
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Methanol concentration in biofilm (kg m") 
Figure 5.4. Specific growth rate of microbial consortium developed in a 
biofilter packed with clay spheres as a function of methanol concentration in 
biofilm. Experimental u (0), u estimated with Monod model (- - -), u 
estimated with Haldane model ( ). 
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Figures 5.5 and 5.6 show Eqs. A-2 and A-5 fitted to experimental data of CMetOH-biofiim and \i. 
By means of linear regression of Eq. A-2 and quadratic regression of Eq. A-5, the kinetic 
parameters for Monod and Haldane models were obtained. For the Monod model the (xmax 
calculated was 0.029 h"1 and Kg 1.41 kg m3. For the Haldane model the u* was 0.295 h"1, (xmax 
0.044 h"\ Ks 35.7 kg m"3 and Kj 4.32 kg m"3. 
For the biofilter packed with compost pellets was followed the same procedure. Figure 5.7 
shows (x for the biofilter packed with compost pellets. The experiments were performed at 
CMetOH-biofiim ranging from 2.5 to 58 kg m"3. The |xmax observed was 0.007 h"1. The kinetic 
parameters were calculated by following the same procedure than for the biofilter packed with 
clay spheres. For the Monod model the |xmax calculated was 0.009 h"1 and Ks was 22.6 kg m" . 
For the Haldane model the u* was 0.041 h"1, (xmax 0.007 h"1, Ks 108 kg m"3 and Ki 17 kg m"3. 
5.4. Discussion 
Figure 5.1 shows that CMetoH-gas in the bioreactor containing clay spheres decreased with time. 
The rate at which methanol was taken by the biofilm varied along the experiment and 
presented two regions. Region 1 was characterized by a quick decrease of CMetOH-gas and 
region 2 by a slight decrease. 
Figure 5.1 shows a blank which was performed by injecting liquid methanol into a bioreactor 
containing some drops of water. In this blank, methanol was absorbed by water and caused 
that CjvietOH-gas decreased similarly to the region 1. CMetoH-gas reached a plateau and stayed 
constant the rest of the time. In comparison to kinetic determinations, CjvietOH-gas in region 2 
decreased continuously without turning constant. It is believed that, the quick decrease of 
CMetOH-gas in region 1 was due to the absorption of methanol by the biofilm. 
The Cco2gas shown in Figure 5.1, increased at a constant rate of 0.38 g of C02 m"3 h"1. This 
indicates that the biodegradation rate of methanol in the biofilm (R.MetOH-biofiim) should be 
assumed constant throughout the experiment. This produced a continuous decrease of 
CMetOH-biofiiim which means that methanol was adsorbed in order to readjust the equilibrium 
between CMetOH-gas and CMetOH-biofiim- This observation and the blank show that the decrease of 
CMetOH-gas in region 2 was due to the constant RMetOH-biofiim-
At 0.025 h, CMetOH-gas was 11.5 g m"3 (Figure 5.1) and CMetOH-biofiim was 3.68 kg m"3 (Figure 
5.2). The ratio CMetOH-gas/CMetOH-Hofiim was 0.003, which was higher than the Henry constant 
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(Kh) of 2.05x10"04 (kg of methanol m"3 of gas)/(kg of methanol m 3 of liquid) calculated at 
25°C with data published by GUPTA and coll. (2000). The ratio CMetOH-gas/cMetOH -biofiim ten 
fold higher than Kh confirmed that the decrease of CMetOH-gas in region 1 was mainly due to the 
absorption of methanol by the biofiim. 
Figure 5.2 shows that CMetOH-biofiim, after reaching its maximum, decreased at a nearly constant 
rate of 0.5 kg m" h" . The rate at which decreased CMetOH-biofiim (mass of methanol removed 
from gas phase per unit of bioreactor volume and time) was the RMetOH-biofiim which was the 
same for both regions. 
Figure 5.3 shows that In B correlated highly to time as shown in Eq. A-7. This behavior was 
observed for each methanol concentration tested. The high coefficient of determination (R2) of 
0.97 observed in Figure 5.3 suggests that the mathematical procedure developed in the 
presented study let to the correct calculation of B along each experiment. 
200 
1.0 1.5 
1/methanol concentration in biofiim 
Figure 5.5. Monod model in the form of Lineweaver-Burk equation fitted to 
experimental data. The ordinate l/nmax and the slope Ks/Umax are calculated by 
linear regression. 
Figure 5.4 shows that u increased with CMetOH-biotiim up to a maximal value of 0.049 h" , which 
occurred at a CMetOH-bioflim of 13.2 kg m"3. For CMetOH-bionim higher than 13.2 kg m"3, the 
microorganisms were inhibited and u began to decrease. In the whole range of methanol 
- 110-
concentration tested, Figure 5.4 shows that the u estimated with Haldane model (solid line) 
fitted better the experimental u than the Monod model (dashed line). 
Figures 5.5 and 5.6 show Eqs. A-2 and A-5 fitted to experimental data and the regressions of 
each equation is presented in the respective figure. Figure 5.6 confirms that Haldane model 
fitted better to experimental data with a R2 of 0.96, while the R2 for the Monod model was 
0.85 (Figure 5.5). 
0 5 10 15 20 25 30 35 40 45 50 
Methanol concentration in biofilm (kg m'J) 
Figure 5.6. Experimental data fitted to the Haldane model rearranged in a 
form of a second order equation in terms of substrate concentration in biofilm. 
The kinetic parameters u*, Ks and Kj are calculated by quadratic regression. 
For the biofilter packed with compost pellets, Figure 5.7 shows that the Haldane model fitted 
the experimental u better than the Monod model. This was also due to the inhibition of 
microorganisms at high methanol concentration. The experimental |j,max was 0.007 h"1 and 
occurred at a CMetOH-biofiim of 41 kg m"3. The experimental umax observed for both packing 
materials was smaller than the umax of 0.162 h"1 reported by SHAREEFDEEN and coll. 
(1993), for microorganisms isolated from a biofilter treating methanol. It was also smaller 
than the range of umax from 0.075 to 0.5 h"1 reported by CRUEGER and coll. (1990) for 
methylotrophs. However, the values of umax reported in the literature (CRUEGER and coll., 
1990; SHAREEFDEEN and coll., 1993) were calculated for pure strains or isolated bacteria 
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adapted to methanol as the carbon source. In these studies, the microorganisms were grown 
suspended in nutrient solution, in agitated flasks in order to homogenize the concentration of 
nutrients, oxygen and VOC. Agitation could increase the availability and the mass transfer of 
these compounds and the growth rates obtained were higher than the growth rates of 
immobilized microorganisms in the biofilm, such as the samples used in the present study. 
20 30 40 
Methanol concentration in biofilm (kg m"3) 
60 
Figure 5.7. Specific growth rate of microbial consortium developed in a 
biofilter packed with compost pellets as a function of methanol concentration 
in biofilm. Experimental u (0), estimated u with Monod model (- - -), 
estimated u with Haldane model ( ). 
For the biofilter packed with compost pellets, the kinetic parameters were calculated with 
biofilm detached from its support. Probably the structure of biofilm was damaged, which 
could modify the mass transfer and the moisture regulation of the biofilm and reduce the 
activity of microorganisms. In this way, the biofilm from compost pellets presented a umax 
which was 15% of the value observed on clay spheres, although both biofilters had been 
inoculated with the same lixiviate and operated at similar conditions. 
The present method, which takes into account the biodegradation and absorption of methanol, 
could be used for calculating the kinetics of other water soluble VOCs. It can be also applied 
in biofilters packed with other inert materials, such lava rock which can be calcinated or 
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polypropylene spheres which can be digested in acid solutions, in order to determined the real 
biomass which was tested in each kinetic experiment. 
5.5. Conclusion 
The microkinetic parameters of microbial consortiums which degrade methanol in air 
treatment biofilters packed with clay spheres and compost pellets were calculated. Both 
biofilters presented inhibition at high methanol concentration in biofilm. In the biofilter 
packed with clay spheres the inhibition occurred at concentrations higher than 13 kg m" and 
in the biofilter with compost pellets at concentrations higher than 40 kg m"3. The \xm&x 
observed at a temperature of 25°C was 0.049 h"1 for clay spheres and 0.007 h"1 for compost 
pellets. The Haldane model fitted experimental specific growth rates better than Monod. The 
Umax estimated with Haldane model was 0.044 h"1 for clay spheres and 0.007 h"1 for compost 
pellets. 
A mathematical procedure for calculating the microkinetic parameters of Monod and Haldane 
models was developed in the basis of mass balances of methanol transformation to biomass 
and carbon dioxide. The behaviour of methanol concentration in gas phase presented two 
tendencies. The first was characterized by a quick absorption of methanol by the biofilm. The 
second was characterized by a slow absorption of methanol and occurred when methanol 
concentrations in gas and biofilm reached the thermodynamic equilibrium. Both tendencies 
were considered in the mathematical procedure for calculating the methanol concentration in 
biofilm, which presented a constant biodegradation rate of methanol. 
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Appendix A - Theoretical considerations and mathematical expressions 
Most of the methods for determining the growth rate of microorganisms have been developed 
on the basis of the Monod model (LIU, 2007): 
„ - »™
 S 
where u is the specific growth rate at which grow the microorganisms exposed at the substrate 
concentration S in the phase where the microorganisms are growing (biofilm or nutrient 
solution medium). The umax is the maximal specific growth rate of microorganisms and Ks is 
the constant of Monod model. Eq. A-l is rearranged as the Lineweaver-Burk equation and 
fitted to experimental u and S as follows the kinetic parameters for the Monod model are 
calculated: 
1
 = _L + Is_ 1 (A-2) 
A* rTnax rTnax 
When microorganisms present inhibition by the substrate, the specific growth rate is better 
described by other models, such as the Haldane model (OKPOKWASILI and coll., 2005) 




Ks + S + I- (A-3) 
K, 
where u, S and Ks are as defined for Monod model, u* is the specific growth rate of Haldane 
model and Ki is the inhibition constant. With the assumption that the microorganisms 
inhibited by substrate are not subject to oxygen limitation, the |xmax can be calculated with the 
derivate of Eq. A-2 with respect to substrate concentration (SHAREEFDEEN and coll., 1993) 
as follows: 
//* 
(A-4) ^Tnax , -. OS 
1 + 2 
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Eq. A-2 can be rearranged as a second order equation in terms of substrate concentration 
(JORIO and coll., 2005) in order to calculate the kinetic parameters of the Haldane model by 
means of a quadratic regression: 
S K, S S2 
— = — £ • + — + ju jU* ju* ju* K, (A-5) 
The biomass variation with time can be expressed as a function of the specific growth rate and 
the biomass as follows: 
dB 
It ~ M B (A-6) 
where B is the biomass content in the phase where the microorganisms are growing and t is 
the time. Equation 6 can be integrated from to=0 to t and from Bo (at to) to B (at t): 
In {B) = In fo) + ju t
 ( A . 7 ) 
The calculation of u is done with data of B at different times of the experiment. Since the 
experiments are carried out in hermetically closed bioreactors, it is not possible to measure B 
when the experiment is carried out. B is calculated by means of a mathematical procedure 
presented below and it is necessary a reference value, which could be the initial or the final B. 
In the present study the final B is used. The biomass production in a biofilm which degrades 
methanol can be calculated by means of the following global reaction: 
CH3OH + a 02 + p CO(NH2)2 -> S CH2O065N0l + r\ C02 + K H20 (A-8) 
where a, p, 8, r| and K are the stoichiometric coefficients expressed on a mol basis and referred 
to one mole of methanol consumed. CH2O0.65N0.1 is the average of elemental composition for 
the biofilm developed in biofilters degrading methanol, which was determined experimentally 
(data not published) and is similar to that proposed by BAILEY and coll. (1986). 
The stoichiometric coefficients 8 and n for biomass and CO2 respectively are defined as 
follows: 
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c. mol C//90n f i , iVn , produced 0 = UM "•'— (A-9) 
mol methanol consumed 
mol CO, produced ,
 K 4^ 
Tf = -—- (A-10) 
mol methanol consumed 
By means of an elemental mass balance using Eqs. A-8, A-9 and A-10, an expression for 
calculating the biomass yield coefficient (YB/MetOH) as a function of the molecular weight 
(MW) of methanol, C 0 2 and biomass and the CO2 yield coefficient (Yco2/MetOH) can be 
obtained: 
MW 
Y — biomass i n c 
^1 MetOH ~
 M W 
1V1 vrMetOH 
^ MW ^ 
lC02IMetOH M W 
^
 m YVC02 J 
(A-ll) 
Yco2/MetOH? defined as the mass of CO2 produced per mass of methanol consumed, can be 
calculated at any time (t;) if the masses of methanol and CO2 in the bioreactor are known: 
Y (t) _ M c o 2 ( 0 ~ MCOi (?,._.) ( A_1 2 ) 
*COllMe>OH \h) M (t ) - M (t) 
lyl
 MelOH \li-\) lyl MetOH ViJ 
where M is the mass of methanol or CO2 at the ith or (i-l) th gas sampling time. Throughout all 
the kinetic experiments the volume of biofilm (Vbiofiim) m the reactor was always smaller than 
0.5 mL. Considering that the Henry constant for CO2 at 25°C is 1.21 Cco -^gas / Ccoz-Hquid 
(calculated from COOPER and coll. 2002), the mass of CO2 which accumulated in the biofilm 
during the kinetic experiments was neglected. In this way, the mass of CO2 at any time was 
calculated by multiplying the CO2 concentration in gas (Cco2-gas) by the volume of gas (Vgas). 
The variation of the total mass of methanol (MMetOH) contained in the bioreactor can be 
expressed in terms of Ya/MetoH, B and [x: 
dMMe,OH _ B (A-13) 
dt YBI MetOH 
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Since the biofilm developed in biofilters treating methanol presented a water content higher 
than 90% (data not published), the biofilm was assumed as a static liquid phase and the Henry 
law was applied for calculating the concentration of methanol in the biofilm CMetoH-biofiim- The 
Henry constant for methanol (Kh) at 25°C was calculated from GUPTA and coll. (2000) and 
was 2.05E-04 CMetOH-gas/CMetOH-iiquid- The total mass of methanol (MMetOH) was calculated as 
follows: 
M = M + M 
1V±
 MelOH 1V1 MetOH-biofilm ' 1Y1 MetOH-gas 
(A-14) 
and the masses of methanol in the gas phase (MMetOH-gas) and in the biofilm (MMetoH-biofiim) 
were calculated as follows: 
M = V C 
iyl
 MetOH-gas y gas ^MetOH-gas 




By substituting Eqs. A-15 and A-16 in Eq. A-14, then in Eq. A-13 and this one in Eq. A-6 it is 
obtained the next expression for the variation of B as a function of YB/MetOH: 
dt 
= - Y. B/MelOH 
biofilm 




The integration of equation A-17 for a period of time comprised between two gas samplings, 
one at t;-i and the other one at tj, with initial conditions of B and CMetOH-gas at t^ and final 
conditions at t;, gives the equation A-18 which leads to the calculation of the biomass at each 
time of gas sampling t;: 




+ V. gas V^MetOH- gasVi-U ^MetOH-gas^i)) MetOH- gas * 
(A-18) 
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With the set of B calculated at each gas sampling it is possible to calculate u at different 
CMetOH-biofiim by linear regression of Eq. A-7. With u and the respective CMetOH-biofiim (S in 
Monod and Haldane models) are calculated the kinetic parameters of Eqs. A-l and A-3. 
For region 2, the methanol concentration in biofilm was calculated by using Kh with the 
assumption that methanol concentrations in gas and biofilm are in equilibrium. With the 
assumption that the methanol biodegradtion rate in biofilm (R.MetoH-biofiim) is constant in each 
experiment, the concentration of methanol in biofilm for region 1 can be calculated with the 
following equation: 
(-, ,. N _ V^^MetOH-gas *gas) ~ V ^MetOH-biofilm I 
^MetOH-biofibrMi) ~ y (A-19) 
biofilm 
where ACMetOH-gas is the variation of methanol concentration in gas for the interval of time 
from t=0 to t;, t is the time elapsed from the starting up to ti, RMetOH-Mofiim is calculated with 
CMetoH-biofiim of region 2, by multiplying the rate at which CMetOH-biofiim decreases by Vbi0fiim. 
Notation 
B, biomass, kg 
C, concentration of a compound, kg m" 
d, derivative of a variable 
Kh, partition coefficient of methanol (Henry constant), CMetOH-gas/CMetOH-Hquid 
Ki, inhibition constant for Haldane model, kg m"3 
Ks, saturation constant for Monod or Haldane model, kg m~3 
M, mass of a compound, kg 
MW, molecular weight of a compound, kg kgrnol4 
RMetOH-biofiim, biodegradation rate of methanol in the biofilm, kg h" 
RivietOH-gas, removal rate of methanol in the gas phase, kg h"1 
R , coefficient of determination, dimensionless 
S, substrate concentration for Monod or Haldane models, kg m"3 
t, time, h 
V, volume, m"3 
Yfi/MetOH, biomass yield coefficient, g biomass produced g"1 MetOH consumed 
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Yco2/MetOH> carbon dioxide yield coefficient, g CO2 produced g"1 MetOH consumed 
greeks 
a, p, 8, r|, K, stoichiometric coefficients 
\i, specific growth rate, h"1 
u*, specific growth rate for Haldane model, h"1 
Umax, maximum value of the specific growth rate, h"1 
A, difference of a variable from final to initial conditions 
subscripts 
biofilm, in the biofilm or referent to the biofilm 
biomass, referent to biomass 
C02, referent to carbon dioxide 
f, final conditions 
gas, in the gas phase or referent to the gas phase 
i, at the i1 sampling time 
i-1, at the (i-l)th sampling time 
MetOH, referent to methanol 









Chapitre 6. Determination des parametres cinetiques de la biodegradation 
des composes organiques volatils et de la croissance microbienne dans des 
biofiltres avec et sans percolation garnies avec des lits inertes 
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Resume 
Une 6tude sur la cinetique des biofiltres avec et sans percolation pour traiter le methanol et le 
toluene a ete realisee. Des modeles cinetiques pour calculer la croissance microbienne et la 
capacite d'elimination sous des conditions reelles d'operation ont ete testees pour des 
biofiltres prdsentant de l'inhibition liee a la concentration elev6e du polluant. Une breve 
analyse d'indicateurs energetiques utiles lors du calcul de transfert de chaleur et de la 
temperature dans le lit garni a ete faite. 
La vitesse de croissance sp^cifique de la biomasse a ete calculee pour les biofiltres avec et 
sans percolation sous des conditions reelles d'operation. La vitesse specifique de croissance 
pour le biofiltre percolateur traitant le methanol a ete de 0.037 h"1. Dans le cas du biofiltre 
traditionnel, la vitesse sp6cifique de croissance microbienne du methanol et du toluene a ete 
fonction des conditions d'operation, telles la concentration d'azote pr6sent dans la solution 
nutritive, le garnissage, la concentration de toluene et de methanol dans le biofilm. 
Dans les cas des biofiltres percolateurs, la capacite d'elimination du methanol s'est ajustee au 
modele de type Michaelis-Menten, puisque les biofiltres percolateurs n'ont pas presente 
d'inhibition. Dans le cas des biofiltres traditionnels, la capacite d'elimination pour le 
methanol et le toluene s'est ajustee au modele de type Haldane puisque les biofiltres ont 
presente de l'inhibition a des concentrations elevees de polluants. 
Le biofilm deVeloppe' dans des biofiltres traditionnels a pr6sente une composition elementaire 
moyenne de CH1.99O0.64N0.11 pour le methanol et de CH1.9gO0.44N0.i8 pour le toluene. Les 
chaleurs de combustion varient entre 3440 a 4460 cal g"1 de biofilm. Ces donnes de 
composition elementaire et de chaleur de combustion du biofilm sont utiles dans le 
developpement de modeles mathematiques integrant une approche energetique. 
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6. Kinetics of microbial growth and biodegradation of methanol 
and toluene in biofilters and analysis of energetic indicators 
Abstract 
The kinetics of microbial growth and biodegradation of methanol and toluene in biofilters 
(BF) and biotrickling filters (BTF) packed with inert materials was analyzed. The specific 
growth rate u for the BTF treating methanol was 0.037 h"1 for a wide range of operating 
conditions. In the BF, u was a function of methanol and toluene concentration in the biofilm. 
In BFs treating methanol, u was affected by the nitrogen concentration in the nutrient solution 
and the kind of packing material. The kinetics of methanol and toluene biodegradation were 
also analyzed with mixed order models. A Michaelis-Menten type model provided a good fit 
to elimination capacity (EC) of BTF treating methanol and a Haldane type model provided a 
good fit to EC of BF treating methanol and toluene. The carbon dioxide production rate was 
related to the packing bed temperature and the content of volatile solids in the biofilm. For 
BF, the ratio temperature/carbon dioxide production rate (PCO2) was 0.024 °C per unit of 
PC02 and for BTF it was 0.15 °C per unit of PC02. 
6.1. Introduction 
6.1.1. Biofiltration of volatile organic compounds 
Volatile organic compounds (VOCs) are widely used in industry where they are often released 
to the atmosphere. In Canada, among the ten most released Non-Criteria Air Contaminants in 
2006, five of them were VOCs. Methanol was in 2n place with emissions of around 16 ktons 
year"1 and toluene in 6th place with more than 4 ktons year"1 (NPRI, 2007). Most of the VOCs 
are toxic to humans and their emissions must be controlled in order to avoid health problems 
(MONOD, 1998). Several VOCs are biodegradable, this leads to the use of biotechnologies 
for controlling their releases (JORIO and coll., 1999). The biotechnologies have attracted the 
attention of environmental engineers because of their favourable operating conditions, such as 
atmospheric pressure and near ambient temperatures varying from 20 to 40°C (JORIO and 
coll., 1999). 
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Traditionally, biofilters (BF) and biotrickling filters (BTF) have treated effluents with low 
VOC concentrations (IRANPOUR and coll., 2001; POPOV and coll., 1999). In fact, industrial 
scale biofilters are recommended for VOC concentrations smaller than 10 g m"3 (COOPER 
and coll., 2002). Some recent studies have analyzed the operation of BF and BTF at high inlet 
concentrations or inlet loads, for example a BTF treating ethanol at an IL up to 1610 g m" h" 
(AVALOS RAMIREZ and coll., 2005; CHETPATTANANONDH and coll., 2005; 
DELHOMENIE and coll., 2005b; JORIO and coll., 1998; PRADO and coll., 2004). These 
studies supply information about the EC behaviour of BF and BTF at high VOC 
concentrations. These studies may be used to calculate macrokinetic parameters of BF and 
BTF at high VOC concentrations. 
6.1.2. Kinetic approaches to microbial growth and VOC biodegradation in 
biofilters 
There are several approaches for the kinetic analysis of BF and BTF. They can be classed in 
two main groups: the microkinetic approach related to the microbial growth rate (IKEMOTO 
and coll., 2006) and the macrokinetic approach related to the VOC biodegradation rate 
(STREESE and coll., 2005). In the case of microbial growth kinetics, the models are often 
based on the Monod model for population growth (LIU, 2007). In the case of VOC inhibition, 
a modification of the Monod model which includes an inhibition term is used, such as the 
Haldane model (OKPOKWASILI and coll., 2005). For BF and BTF, the kinetic parameters 
for Monod model are commonly determined by growing pure strains in batch culture and 
suspended in a liquid nutrient solution (OTTENGRAF and coll., 1983; SHAREEFDEEN and 
coll., 1993; TANG and coll., 1997). But it is to be noted that the mass transfer and the 
microkinetics of bioreactions in nutrient solution are different from those which occur in a 
biofilm (BISHOP, 1997). Particularly, some studies show that the microbial population and its 
growth are affected by the operating conditions, such as nutrients supplied and VOCs treated 
(ACUNA and coll., 1999; FARRUGIA, 1999; KRAILAS and coll., 2000b). 
In the case of VOC biodegradation, the macrokinetic models describe the behaviour of 
elimination capacity (EC) of the BF or BTF. The model based on a first order chemical 
reaction is the simplest model reported in literature (JONES and coll., 2004). The models 
based on Michaelis-Menten has been widely used in studies of BF and BTF macrokinetics 
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(HIRAI and coll., 1990; KRAILAS and coll., 2002; SOLOGAR and coll., 2003; STREESE 
and coll., 2005; WANI and coll., 1999). Results of these studies show that macrokinetic 
models fit well to experimental EC. But these models have not been tested on BF or BTF 
presenting inhibition due to high VOC concentration. Several VOCs might inhibit the 
microorganisms present in biofilm, such as methanol and toluene (DELHOMENIE and coll., 
2005a; SHAREEFDEEN and coll., 1993). 
6.1.3. Heat transfer and energy indicators 
The mathematical models for simulating biofilter performance can include heat transfer 
calculations. This requires the determination of the heat which is transferred to the packing 
bed. The source of this heat is the VOC biodegradation reaction (MYSLIWIEC and coll., 
2001). In order to calculate the energy produced and released during the bioreaction in the 
biofilm, it is necessary to determine some parameters. For example, the heat of combustion of 
biofilm which is associated with the energy stocked in the bonds of chemical species present 
in the biofilm (BATTLEY, 2003; SANDLER, 1991). During the bioreaction, the energy 
which is not captured by the microorganisms is released and dissipates through the packing 
bed. This causes the temperature in the BF or BTF to increase (GUTIERREZ-ROJAS and 
coll., 1996; PINETTE and coll., 1995). Some recent studies have also shown that there is a 
relationship between the temperature of the packing bed and the degradation rate of pollutant 
or the concentration of carbon dioxide (CO2) in the outlet gas stream (DELHOMENIE and 
coll., 2003; DELHOMENIE and coll., 2005a; MORALES and coll., 1998). 
The aim of the present study is to analyze the behaviour of microbial growth and VOC 
biodegradation kinetics in BF and BTF treating methanol and toluene, two VOCs which may 
cause inhibition. The identification and quantification of parameters which could be used to 
estimate the temperature and heat transfer in the packing bed were also performed in the 
study. 
6.2. Materials and methods 
The present research is divided into four phases. The 1st is a kinetic study of a biotrickling 
filter (BTF) treating methanol. The 2nd is a comparison of the effect of two pollutants with 
different chemical nature on biofilter (BF) kinetics: a) one polar and water soluble (methanol) 
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and b) one non-polar and not very water soluble (toluene). The 3rd is a study on the effect of 
nitrogen (N) concentration in the nutrient solution and packing material on the microkinetics 
of a BF treating methanol. The 4l is an analysis for identifying energetic indicators which 































Figure 6.1. Schematic representation of bioreactors. When the bioreactor was 
operated as a biofilter the nutrient solution was not recirculated ( ). 
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6.2.1. Bioreactors 
The BTF and the BF were constructed from Plexiglas cylinders with an internal diameter of 
0.15 m and a total bed height of 1 m divided in three sections of 0.33 m (Figure 6.1). The BTF 
was packed with polypropylene spheres (Jaeger Tri-Packs®, Fabco Plastics, Toronto, Canada). 
One BF treating methanol was packed with polypropylene spheres and another with clay 
spheres (Hydroton®, Okotau GmbH, Germany). The BF for treating toluene was packed with 
clay spheres. The characteristics of the two packing materials are shown in Table 6.1-a. 
Table 6.1. Operating conditions of biotrickling filters and biofilters and 
characteristics of packing bed materials. 
a) Characteristics of packing bed materials 
Pores 
Diameter (m) 
Specific surface (m2 m"3) 











* mean characteristics 
b) Biotrickling filter treating methanol 
Methanol inlet 
concentration (g m"3) 
Air flow rate 
(m"3 h"1) 
Empty bed 
residence time (s) 
Nitrogen concentration in 
nutrient solution (gN L"1) 
0.2-15.5 1,2 and 3 20, 30 and 65 0.005 






























0.8 to 4.3 
1.5 
0.4 to 3.5 
0.25 to 3 
1 
1 
20 to 260 
65 
65 
0.03 to 2.4 
0.03 to 2.4 
3 
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Q is the total air flow rate (m3 h"1) 
V is the empty bed volume (m3) 
@ is the 20 h-recycling period (h) 
C is the concentration of VOC in gas phase (g m"3) or biofilm (g dm"3) 
CB is the dry biomass concentration in liquid phase (g m"3) 
C02 is the carbon dioxide concentration (g m3) 
m is the Henry coefficient (dimensionless): 
2.05x10"4 for methanol (Gupta et al., 2000) 
0.27 for toluene (Lide, 1999). 
Subscripts: i indicates an inlet stream 
o indicates an outlet stream 
Inlet air, dry and particle free, was separated in two air streams; one was bubbled in a 
humidification column and the other was passed through a bubbler in order to evaporate the 
methanol (98 % w/w) or the toluene (99 % w/w; both from Anachemia, Canada). The two air 
streams were mixed before entering the base of BF or BTF. The compositions of nutrient 
solution for BF and BTF treating methanol and toluene are based in previous studies 
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(AVALOS RAMIREZ and coll., 2007b; AVALOS RAMIREZ and coll., 2008; DION ST.-
PIERRE and coll., 2006). For the BF or BTF treating methanol, the nutrient solution had a 
constant nitrogen-phosphorus-potassium (N:P:K) mass ratio of 3:3:1 throughout all the 
experiments. The sources of nutrients were urea, phosphoric acid neutralized with sodium 
hydroxide and potassium sulphate. The N concentration in the nutrient solution for the BF 
treating toluene was 3.0 gN I/1 (N:P:K = 18:6:1), the detailed composition is reported by 
DION ST.-PIERRE and coll. (2006). The BF was irrigated daily with 2.7 L of nutrient 
solution and the BTF was irrigated continuously at a nutrient solution rate of 2 L min"1 using a 
centrifugal pump which took the nutrient solution from a holding tank (16 L). 
The BF and the BTF were inoculated with lixiviates from BFs which had been treated 
methanol and toluene vapors (DASTOUS and coll., 2007; DION ST.-PIERRE and coll., 
2006). The operating conditions of experiments are shown in Tables lb and lc and the 
definitions of performance parameters used in kinetic models are presented in Table 6.2. 
6.2.2. Calculation of biomass concentration in packing bed 
For the BF, the biomass concentration in packing bed was calculated by dividing the dry 
biomass accumulated in the packing bed by the empty bed volume. The biomass accumulation 
was calculated with a method reported by AVALOS RAMIREZ and coll. (2008). 
The biomass content in the packing bed of the BTF was controlled by means of nutrient 
starvation, as reported by AVALOS RAMIREZ and coll. (2007b). With this strategy, the 
biomass content in the packing bed was nearly constant and formed a biofilm with a 
homogeneous thickness of around 2.5 mm. This corresponded to a biofilm volume in the 
packing bed near 14 L. On the other hand, the biomass content in the lixiviate increased with 
time and at the end of the 20 hour recycling period tended to a stable value, which was 
function of the VOC inlet concentration. It was assumed that at this time the concentration of 
volatile solids in liquid phase was similar to that in the biofilm. According to this observation, 
the biomass accumulated in the 16 L of lixiviate was equivalent to the biomass contained in 
the packing bed. This let to the calculation of biomass concentration in packing bed, by 
dividing the total solids accumulated in lixiviate by the empty bed volume. The total solids 
accumulated in lixiviate were calculated by subtracting the total solids of lixiviate from those 
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of the fresh nutrient solution. The total solids were determined with the Standard Method 
2540-B (APHA, 1999). 
6.2.3. Analytical methods 
The inlet and outlet concentrations of methanol and CO2 in gas phase were measured by 
means of a total hydrocarbon analyzer Horiba FIA-510 (Horiba, USA) and a portable gas 
analyzer Ultramat 22P (Siemens AG, Germany), respectively. The elemental composition of 
the biofilm was determined with an EA1108 Elemental Analyzer (Fisons Instruments, 
Beverly, MA). The heat of combustion of the dry biofilm was determined in a 1341 Oxygen 
bomb calorimeter (Parr Instrument Company, Moline, IL). 
6.2.3. Kinetic models for microbial growth 
The growth rate of biomass (u) can be expressed in terms of the specific VOC biodegradation 
rate (q) and the biomass yield coefficient (YB) as follows (LIU and coll., 2003): 
M = q YB (6-1) 
The term q can be calculated with a modified expression reported by ECKENFELDER 
(1989): 
C - C 
„ _ in out 
B EBRT (6"2> 
where, Qn and Cout are the inlet and outlet concentrations of the VOC in the gas phase, B is 
the biomass concentration in the packing bed and EBRT is the empty bed residence time of 
VOC. Substituting Eq. 6-2 into Eq. 6-1, the following equation is obtained: 
fl (B EBRT) 
Eq. 6-3 is expressed in terms of parameters which can be experimentally determined. In a BTF 
at steady state, B is a function of operating conditions but it is stable with respect to the time 
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elapsed. In this way, at different EBRTs or Qn can be obtained an specific value of B in order 
to calculate u by means of regression of Eq. 6-3. In a BF, the biomass accumulates in the 
packing bed and can be expressed by the following equation: 
dt 
- H B
 ( 6 . 4 ) 
Integrating Eq. 6-4 from to = 0 to t and from B(to) = Bo to B(t) = B, one obtains the following 
expression: 
MB) = MB0) + M t (6-5) 
With Eq. 6-5, one can calculate u for a BF at certain operating conditions by following the 
mass of BF. 
6.2.4. Kinetic models for VOC biodegradation 
In BF or BTF treating a biodegradable VOC, the elimination capacity (EC) follows commonly 
a behaviour which can be described by a Michaelis-Menten type model (HIRAI and coll., 
1990): 
j?Q _ ^ m a x ^ ln ( 6 - 6 ) 
Ks + Cln 
Where ECmax is the maximal EC, Ks is the constant of saturation and Qn is the logarithmic 
average of inlet and outlet concentrations of VOC in gas phase. ECmax and Ks can be 
calculated by rearranging Eq. (6-6) in the form of the Lineweaver-Burk equation: 
— =
 K
' + ECm™ (6-7) 
FC FC C 
When BF and BTF present inhibition, EC follows a behaviour described by a mixed order 
equation which contains an inhibition term (OKPOKWASILI and coll., 2005), such as the 
following equation proposed in the basis of the Haldane model: 
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EC = EC* C 
K\ + Clr + 
C2 
(6-8) 
Where EC* is the maximal EC in the absence of inhibition, K's is the saturation constant and 
K] is the inhibition constant for the Haldane type model. Constants can be calculated by means 





EC* EC* Kj 
By assuming that there is not limitation of oxygen in the biofilter, the ECmax can be calculated 




1 + 2 K\ 
K, 
,0.5 (6-10) 
6.3. Results and discussion 
6.3.1. First phase: Kinetics of a biotrickling filter treating methanol 
Figure 6.2 shows the evolution of YB in the BTF treating methanol as a function of the 
inverse of the specific VOC biodegradation rate (1/q = B EBRT/Cin-Cout). The model 
proposed in Eq. 6-3 fitted to experimental results in a wide range of operating conditions with 
a high coefficient of determination (R2) of 0.997. The specific growth rate (u) in a BTF was 
0.037 h"\ which was near the range of u for a consortium isolated from a biofilter treating 
methanol from 0.05 to 0.16 h"1 observed by SHAREEFDEEN and coll. (1993). The 
microkinetic study of SHAREEFDEEN and coll. (1993) was performed in batch culture, with 
isolated microorganisms growing in a nutrient solution contained in agitated bioreactors. The 
most important differences between the cited and the present studies are the elimination of 
microorganisms which are not able to consume methanol during the isolation and the effect of 
agitation on mass transfer. For example, the isolation let to the elimination of microorganisms 
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which could compete with methanol utilizers for up taking nutrients during the microkinetic 




Figure 6.2. Biomass yield coefficient (YB) as a function of the inverse of the 
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Figure 6.3. Elimination capacity in function of methanol concentration in a 
BTF. Experimental elimination capacity (0) and the estimated elimination 
capacity by using the kinetic parameters in the Michaelis-Menten type model 
( — ) • 
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Figure 6.3 shows the EO of BTF as a function of the logarithmic average concentration of 
methanol in the gas phase. The experimental data is represented by the lozenges and the EC 
estimated with Eq. 6-6 based on Michaelis-Menten model is represented by the solid line. The 
ECmaX estimated was 2230 g m"3 h"1, which was near the ECmax observed in a previous study in 
a similar BTF with a value of 2160 g m"3 h"1 at an IL of 3700 g m"3 h"1 (data not published). 
Figure 6.3 shows also that the Michaelis-Menten type model fitted to the experimental EC 
because the BTF was not inhibited in the whole range of methanol concentration, up to 10 g 
m~3 of logarithmic average concentration (Qn). The absence of inhibition may be due to the 
effect of the mobile liquid phase on methanol removal. According to the literature, water 
soluble VOCs such as methanol and ethanol can be treated in a BTF without presenting 
inhibition at inlet concentrations which commonly affects the performance of a BF (AVALOS 




Figure 6.4. Evolution with time of dry biomass content in the packing bed for 
a biofilter treating methanol at an inlet concentration of 1.5 g m" and an 
empty bed residence time of 130 s. Dry biomass content in the packing bed 
(—0—), elimination capacity EC (a), carbon dioxide production rate PCO2 
(A). 
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6.3.2. Second phase: Effect of nitrogen concentration and packing material 
on microbial growth kinetics 
Figure 6.4 shows the evolution with time of dry biomass content in the packing bed of a BF 
treating methanol at an inlet concentration of 1.5 g m 3 and an EBRT of 130s. Figure 6.4 
presents also the evolution of EC and PCO2 for this BF. Figure 6.4 shows that the BF operated 
at steady state in terms of EC and PCO2, but the biomass content in the packing bed increased 
with time without reached a plateau. This shows that the VOC biodegradation in BF is not 
associated with the biomass concentration in the packing bed, as shown in Eq. 6-3. For all the 
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Figure 6.5. Specific growth rate for a biofilter treating methanol as a function 
of nitrogen concentration in nutrient solution and packing bed material. 
Biofilter packed with clay spheres (—A—), biofilter packed with polypropylene 
spheres (- - 0 - -). 
Figure 6.5 shows the effect of N concentration and packing material on u for BF treating 
methanol. One BF was packed with polypropylene spheres and the other with clay spheres. 
Both BF were operated at N concentrations in nutrient solution ranging from 0.03 to 2.4 gN 
L"1. For both packing materials, u increased quickly from 0.0005 to 0.0015 h"1 in the range of 
N concentration from 0.03 to 0.1 gN L"1. Then, in the range of N concentration from 0.1 to 2.4 
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gN L4, u for the BF packed with polypropylene spheres decayed to 0.0001 h'1 while u for 
clay spheres increased to 0.0025 h"1. A previous study (AVALOS RAMIREZ and coll., 2008) 
shows that the porous material (clay spheres) maintained a nearly constant moisture in the 
packing bed because the nutrient solution retention in the pores of the clay spheres. This 
favored the microbial activity and the microorganisms were able to grow at a higher u than on 
the polypropylene spheres, which were not able to retain liquid. When nutrient solution at 
high N concentrations was absorbed by a biofilm which was growing over a non porous 
material, the high salts content of the nutrient solution stocked inside the biofilm might 
increase the osmotic pressure. It is known that high osmotic pressure affects the microbial 
activity (MILLE and coll., 2005). This tendency was observed in the non porous material 
when u decreased for N concentration higher than 0.1 gN L"1. The biofilm over the clay 
packing could regulate the osmotic pressure by taking liquid from the porous and u increased 
with N concentration. 
Comparing the results of experiments of methanol treatment in a BTF and in BF, the BTF 
presented a uniform u of 0.037 h"1, contrary to the u of the BF which varied from 0.0001 to 
0.0025 h"1. This shows that the mobile liquid phase in the BTF had a beneficial effect on the 
stability of u. 
6.3.3. Third phase: Kinetic comparison between methanol and toluene 
biofiltration 
Figures 6.6-a and 6.6-b show u in biofilters packed with clay spheres treating methanol and 
toluene. Both BFs operated at N concentrations which produce the best performance of 
biofilters treating methanol and toluene with the same packing material (AVALOS RAMIREZ 
and coll., 2008; DION ST.-PIERRE and coll., 2006). For methanol, the BF operated at 0.6 gN 
L"1 and for toluene at 3.0 gN L"1. Figure 6.6-a shows u as a function of the average methanol 
concentration in the biofilm in a range from 2 to 16 g m" . Figure 6.6-b shows u as a function 
of the average toluene concentration in the biofilm in a range from 0.5 to 12 g m"3. Figures 
6.6-a and 6.6-b show that the microorganisms were inhibited at concentrations in biofilm 
higher than 11 g m"3 for methanol and 8 g m"3 for toluene. For methanol, umax was 0.0095 h"1 
and for toluene 0.007 h"1. For methylotrophs, Umax has been observed in the range from 0.075 
to 0.5 h"1 (CRUEGER and coll., 1990), and for microorganisms which degrade toluene, umax 
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has been observed in the range from 0.025 h"1 to 0.54 h"1 (OTTENGRAF and coll., 1983; 
CHANG and coll., 1993). The values of umax in the present study were smaller than those 
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Figure 6.6. Specific growth rate for biofilters packed with clay spheres 
treating a) methanol and b) toluene as a function of methanol or toluene 
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Figure 6.7. Elimination capacity as a function of a) methanol and b) toluene 
concentration in gas phase of biofilters packed with clay spheres. 
Experimental elimination capacity (0), elimination capacity estimated with 
Michaelis-Menten type model ( ), elimination capacity estimated with 
Haldane type model (—). 
Figure 6.6-b shows that toluene produced a higher inhibitory effect than methanol; umax was 
smaller and u dropped drastically to 0.001 h" when inhibition occurred. Since toluene is a 
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non-polar compound, it passes easily the hydrophobic cell membrane and is able to leak 
essential metabolites and cofactors, which kill the cells (RAJAGOPAL, 1996). 
Figures 6.7-a and 6.7-b show the experimental EC for BF treating methanol at a Qn from 0 to 
4.5 g m3 and toluene at a On from 0 to 4 g nf3. Figures 6.7-a and 6.7-b show that for both 
VOCs, the EC estimated with the Haldane type model (solid line) fitted the experimental data 
(lozenges) better than the Michaelis-Menten type model (dashed line). The experimental 
ECmax for methanol was 80 g m"3 h"1 at a methanol Qn of around 1.5 g m"3. The ECmax 
estimated with the Haldane type model was 70 g m"3 h"1 and with the Michaelis-Menten type 
model was 175 g m"3 h"1. In the case of toluene, the ECmax observed was 65 g m"3 h"1 at a 
toluene Qn of 2 g m"3. The ECmax estimated with Haldane and Michaelis-Menten type models 
was 55 g m"3 h"1, but with the Haldane type model ECmax occurred at a toluene Ci„ of 1 g m"3 
while with the Michaelis-Menten type model it occurred at a Qn higher than 4.0 g m"3. The 
experimental EC for methanol and toluene were better fitted by the model based on the 
Haldane model than the Michaelis-Menten model because both VOCs caused inhibition. 
A comparison of Figures 6.7-a and 6.7-b confirms that toluene produced a higher inhibition 
than methanol. For toluene ECmax was 20% smaller and EC dropped quicker than for the BF 
treating methanol. For example, at a VOC Qn of 3.5 g m" , the BF treating methanol presented 
an EC of 55 g m"3 h"1 while the EC of toluene was 30 g m"3 h"1. 
6.3.4. Fourth phase: Energy indicators 
Effect of volatile solids on carbon dioxide production rate 
Figure 6.8 shows the carbon dioxide production rate (PCO2) as a function of the content of 
volatile solids present in the biofilm for methanol and toluene biofiltration. As shown in 
Figure 6.8, the PC02 for both pollutants had a similar linear tendency. PCO2 increased with 
the volatile solids content in biofilm and the lines passing through the origin signify that CO2 
would not be produced in the absence of volatile solids. The microorganisms represent a part 
of the total volatile solids contained in the biofilm and an increase of total volatile solids 
signifies an increase of microorganisms. The correlation between PCO2 and volatile solids 
content presents the advantage that the measurement of CO2 concentration in the gas phase is 
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Figure 6.8. Carbon dioxide production rate (PCO2) as a function of content of 
volatile solids in biofilm for biofilters treating methanol (a) and toluene (A). 
Tendency of PC02 (—). 
Relationship between carbon dioxide production rate and packing bed 
temperature 
Figure 6.9-a shows the difference of temperature (AT) between the packing bed and the 
environment as a function of the PCO2 for methanol and toluene for BF. The tendency for 
both compounds and both packing materials was similar. The AT presented a linear tendency 
with PCO2 with a slope of 0.024 °C per g of CO2 produced m"3 h"1. The slope represents the 
rate at which increases the temperature in the BF by the effect of the energy produced and 
released during the VOC biodegradation and which was associated to the PCO2. The line 
passing through the origin shows that if the bioreaction does not occur, the packing bed would 
present the same temperature as the environment. 
Figure 6.9-b shows the AT as a function of PCO2 for the BTF treating methanol. For BTF the 
slope is higher than for BF, 0.15 °C (g of CO2 produced m"3 h"1)"1, but in this case the line does 
not pass through the origin and the ordinate is 6.8 °C. The ordinate represents the temperature 
which had the BTF if there is no microbial activity. As opposed to the BF, in the BTF, the 
lixiviate was recovered and recirculated to the top of the packing bed. When the lixiviate was 
pumped, it absorbed some of the energy dissipated by the pump and when it trickled down 
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through the BTF it heated the packing bed and produced a AT with respect to the 
environment. Daily measures of temperature in the holding reservoir showed that the nutrient 
solution presented an average AT of 7°C, which was near the value of the ordinate of 6.8°C in 
Figure 6.9-b. The energy recovered by the nutrient solution caused that the BTF presented a 
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Figure 6.9. Difference of temperature between the packing bed and the 
environment as a function of the carbon dioxide production rate (PCO2): a) 
Biofilters treating methanol and packed with clay spheres (•), methanol and 
polypropylene spheres (0), toluene and clay spheres (A); b) biotrickling filters 
treating methanol. Tendency of PCO2 for both figures ( ). 
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In aerobic biosystems, the reactions of biodegradation of VOCs are exothermic. The chemical 
species which participate in these reactions are donors or acceptors of electrons. The 
exothermic energy produced in these reactions is the result of electron transfer from donor to 
acceptor. A percentage of this energy is recovered by the cells and used for maintenance and 
synthesis of new cells or storage compounds. When the electron donor and the carbon source 
are the carbon atoms contained in the molecule of VOC, the PCO2 can be associated to the 
energy generated during the reaction of VOC biodegradation because there are no other 
element like N or S involved in energy generation (XIAO and coll., 2006). The 
microorganisms are not able to recover the total energy produced in bioreactions, they 
commonly present an efficiency of energy capture around 0.6 (VAN BRIESEN and coll., 
2000). The energy which is not recovered dissipates in the system by different ways, such as 
conductive and convective heat transfer and causes the increase of temperature in the packing 
bed (ACUNA and coll., 1999; GUTIERREZ-ROJAS and coll., 1996). The association of 
PCO2 with the energy produced during the VOC biodegradation could lead to the calculation 
of the energy dissipated through the packing bed and the estimation of its temperature by 
means of an easy measurement of gas concentration. 
Elemental composition and heat of combustion of biofilm 
Table 6.3 shows the empirical formula calculated for biofilm formed in BFs treating methanol 
and toluene. The average empirical formula for biofilm formed in methanol biofiltration was 
CH1.99O0.64N0.11 and in toluene biofiltration CH1.9gO0.44N0.i8. These empirical formulas were 
nearly similar to that reported by BAILEY et al. (1986) of CH2O0.5N0.2 as an average of 
elemental composition of biomass. The elemental composition calculated in the present study 
for the biofilm was nearly constant whatever the operating conditions. But this does not mean 
that the biofilm presented a constant composition in terms of macromolecules. For example, 
FARRUGIA (1999) showed that the protein and polysaccharide content in biofilm varied with 
operating conditions in methanol biofiltration. The biomass formed during methanol 
biofiltration had 20 % more oxygen than the biomass during toluene biofiltration. This could 
be due to the capability of methylotrophs to produce exo-polymers containing oxygen 
ANTHONY (1982). 
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Table 6.3. Heat of combustion and elemental composition of dry biofilm 
developed in biofilters packed with clay spheres for treating methanol and 
toluene. 
a) Biofilters packed with clay spheres for treating methanol 
Variable: 
Nitrogen concentration (gN L"1) 
Combustion heat 







C H2.02 O0.72 N0.09 
C H2.01 O0.66 N0.09 
C H2,Q5 OQ,69 NQ,Q9 
















C H1.97 O0.63 No.n 
C H2.00 O0.64 No. 10 
C Hi.99 OQ.63 NQ.II 
C Hi.95 O0.53 No. 16 
C Hi.98 O0.64 No.n 
C H1.92 Oo.64 No.10 
CHi ,98 O0.64N0.H 




b) Biofilters packed with clay spheres for treating toluene 











C H i 95 O0.44 No. 19 
C H1.97 O0.42 N0.17 
C H1.98 O0.43 No.n 
CH1.99 Oo.46 No. 19 





C H1.98 O0.44 NQ.18 
Table 6.3 also shows the heat of combustion for dry biofilm developed in the BF treating 
methanol or toluene. The values vary widely for both compounds from 3360 to 4465 cal g"1 of 
biofilm and this suggests that the biofilm composition in terms of chemical species varied 
with operating conditions. The dry biofilm formed in BF treating toluene presented an average 
heat of combustion of 3995 ± 345 cal g"1 of biofilm calculated with five samples. The dry 
biofilm developed in BF treating methanol presented an average of heat of combustion of 
3815 + 330 cal g" of biofilm calculated with ten samples. Table 6.3 shows that the energy 
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stocked in the bonds of chemical species contained in the biofilm was not constant for all the 
operating conditions tested. The values of heat of combustion are useful for energy balances 
of BF and BTF (BATTLEY, 2003; MYSLIWIEC and coll., 2001; SANDLER, 1991) which 
leads to the estimation of the heating and cooling utilities in bioprocess applied to industrial 
scale. 
6.4. Conclusion 
The microkinetics and macrokinetics of biofiltration with and without percolation of methanol 
and toluene were analyzed. Microkinetic models were expressed as functions of parameters 
which are easy followed, such as the concentration of volatile organic compound (VOC) in the 
gas phase. The specific growth rate u in biotrickling filters treating methanol was 0.037 h"1. 
For biofilters treating methanol, u was in the range from 0.0001 to 0.0095 h"1 and for toluene 
from 0.001 to 0.007 h"1. In biofilters, u was function of VOC concentration in biofilm. 
Biofilters treating methanol showed that u was also a function of N concentration in nutrient 
solution and kind of packing bed material. 
The models of Michaelis-Menten and Haldane were adapted to estimate the elimination 
capacities of biofilters with and without percolation. The Michaelis-Menten type model fitted 
to EC of biotrickling filters treating methanol. The Haldane type model fitted to EC of 
biofilters treating methanol and toluene because biofilters presented inhibition by VOC 
concentration. 
The carbon dioxide production rate presented a linear correlation with the content of volatile 
solids in the biofilm and with the difference of temperature between the packing bed and the 
environment. The carbon dioxide production rate was identified as an indicator of the energy 
produced during the VOC biodegradation in order to estimate the heat transfer and the 
temperature in the packing bed. 
Biofilters packed with clay spheres presented a biofilm with a constant elemental composition 
of CH1.99O0.64N0.11 for methanol and CH1.9sO0.44N0.i8 for toluene. However, the heat of 
combustion of dry biofilm formed in the biofiltration of methanol (3815 + 330 cal g"1 of 
biofilm) and toluene (3995 ± 345 cal g"1 of biofilm) suggests that the composition of biofilm 
in terms of macromolecules and other chemical species was not constant. This suggested that 
energy stored in the biofilm in the form of chemical bonds varied with operating conditions. 
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Conclusion generate 
Le present travail montre que la biofiltration avec et sans percolation est un bioproced6 
efficace pour le traitement de l'air pollue par de compos6s organiques volatils (COV). 
Des vapeurs de methanol, d'ethanol et de toluene ont ete traitees dans des biofiltres avec et 
sans percolation garnis avec des materiaux inertes, tels l'argile et le polypropylene. Les 
biofiltres percolateurs traitant le methanol et l'ethanol n'ont pas presente de phenomene 
d'inhibition. Les capacites d'elimination du methanol et de l'ethanol ont atteint la valeur de 
2160 et 970 g m"3 h"1 respectivement, soit superieures a celles reportees dans la literature. 
Les resultats obtenus demontrent que la solution nutritive a un effet benefique sur le biofiltre 
percolateur traitant des COV solubles dans l'eau. La solution nutritive permet de fournir les 
nutriments essentiels aux microorganismes et d'augmenter la disponibilite des COV 
solubilises. La quantite de polluant absorbe par la solution nutritive est fonction de la charge a 
l'eritree. La solution nutritive agit aussi comme une voie d'elimination des vapeurs de 
methanol et d'ethanol et peut representer jusqu'a 80% d'elimination du methanol enleve de la 
phase gazeuse. 
La solution nutritive a aussi le role de capter l'energie emise par les microorganismes, ce qui 
permet d'homogeneiser la temperature du lit filtrant autour de 32°C. Du fait que la 
temperature ne varie pas, les microorganismes qu'utilisent le methanol ou l'ethanol ont opere 
dans des gammes de temperatures optimales pour leur croissance. Les profils de 
concentration du dioxyde de carbone sur la hauteur du lit filtrant montrent que le taux de 
reaction est homogene dans les biofiltres percolateurs. Le coefficient de partition du methanol 
a 32°C a ete determine et vaut 2.64x10 "4 [mole L'l]gaJ[mo\e L^i^de. La mise au point de la 
methode de la determination du coefficient de partition est un apport important de la presente 
etude. Dans la litterature, a notre connaissance, il n'existe pas de travaux relatifs a la 
determination des coefficients de partition pour des biofiltres percolateurs operant en regime 
permanent. 
La performance des biofiltres percolateurs a ete affectee par les conditions operatoires, telles 
la concentration de methanol a l'entree, la concentration d'azote dans la solution nutritive, le 
temps de residence du gaz a l'interieur du biofiltre percolateur. Pour les deux alcools, 
methanol et ethanol, le taux de conversion a augmente avec le temps de residence et la 
- 145-
concentration d'azote pendant qu'il a diminue avec la charge. Quant a la biotransformation 
des COV, les coefficients de rendement de la biomasse et du dioxyde de carbone augmentent 
avec la concentration d'azote et le temps de residence. Les rendements diminuent avec la 
concentration a l'entr6e des polluants. 
Dans la presente etude, les biofiltres percolateurs ont opere a une faible concentration d'azote 
de 0.005 gN L"1 dans une solution nutritive constituee par seulement trois composes : uree, 
sulfate de potassium et acide phosphorique neutralise avec l'hydroxyde de sodium. Les taux 
de conversion et les capacit6s d'elimination obtenus demontrent que les biofiltres percolateurs 
peuvent operer efficacement avec des solutions nutritives peu complexes. De plus, la methode 
developpee pour controler le contenu de biomasse dans le lit filtrant a permis d'utiliser les 
biofiltres percolateurs pendant 45 jours sans laver le lit filtrant. De ce fait, il n'y a pas eu de 
problemes de colmatage du lit; le lit filtrant etait lave uniquement pour stabiliser la 
performance des biofiltres et non pour enlever la biomasse. 
Un autre bioreacteur etudie etait le biofiltre traditionnel. Des vapeurs de methanol et de 
toluene ont ete traites dans des biofiltres garnis de materiaux inertes. Les deux COV ont eu un 
effet inhibiteur sur les microorganismes. Pour le methanol, les effets des conditions 
d'operation sur certains parametres du lit filtrant et du biofilm ont ete etudi6s. Deux 
garnissages ont ete testes, une argile poreuse qui a donne des taux de conversion plus elev6s 
que le polypropylene non poreux. Pour les deux garnissages, la performance des biofiltres 
augmente avec la concentration d'azote presente dans la solution nutritive. Cependant, pour la 
concentration maximale d'azote de 2.4 gN L"1, la production de biomasse et la densite 
cellulaire de methylotrophes ont diminue. Le contenu d'eau dans le lit filtrant a ete fonction 
du contenu de biomasse present dans le materiel non poreux. La capacite d'elimination a ete 
associee a la densite cellulaire des methylotrophes. La charge critique de methanol a ete de 80 
O 1 
g m" h" et s'est presentee avec la densite cellulaire des methylotrophes la plus elevee. Une 
methode pour calculer la moyenne ponderee de la biomasse presente dans le lit filtrant a ete 
developp6e. Cette methode a permis d'une part d'effectuer des bilans de carbone dans le 
biofiltre et d'autre part de calculer les parametres cinetiques de croissance microbienne sous 
des conditions d'operation reelles. 
Les parametres cinetiques de croissance microbienne et de degradation de polluants ont ete 
calcules pour l'ensemble des biofiltres et des biofiltres percolateurs. Dans le cas de la 
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croissance microbienne, une nouvelle methode pour calculer les parametres cinetiques du 
methanol a ete developpee. L'algorithme mathematique a ete construit a partir des bilans de 
matiere relies a la bioconversion du methanol en biomasse et dioxyde de carbone. Les 
hypotheses 6tablies, pour simplifier l'algorithme math6matique, ont ete valid6es avec les 
resultats obtenus. Quand les concentrations de methanol dans le gaz et le biofilm 
s'approchent de l'equilibre thermodynamique, il a et6 ainsi observe que la diminution de la 
concentration de methanol dans la phase gazeuse etait controlee par le taux de biodegradation 
du methanol dans le biofilm; ce dernier etant constant tout au long de chaque experience. La 
vitesse de croissance specifique repond au modele d'Haldane, etant donne que le methanol 
inhibe les microorganismes. La vitesse de croissance maximale observee est de 0.049 h"1 pour 
le biofiltre garni avec spheres d'argile et de 0.007 h"1 pour le biofiltre garni avec boulettes de 
compost, tandis que les valeurs calculees avec le modele d'Haldane sont respectivement de 
0.044 et 0.007 h"1. 
La vitesse de croissance specifique de la biomasse a ete calculee pour les biofiltres avec et 
sans percolation sous des conditions reelles d'operation. La vitesse pour le biofiltre 
percolateur a ete calculee en regime permanent. La concentration de biomasse dans le lit 
filtrant, approximee a celle du lixiviat, a ete utilisee pour calculer la vitesse specifique pour le 
biofiltre percolateur traitant du methanol qui vaut 0.037 h"1. Dans le cas du biofiltre 
traditionnel, la vitesse specifique de croissance microbienne du methanol et du toluene a ete 
calculee sous chaque condition d'operation en suivant la biomasse presente dans le lit filtrant. 
Les vitesses specifiques sont fonction des conditions d'operation, telle la concentration 
d'azote dans la solution nutritive, le garnissage, la concentration de toluene et de methanol 
dans le biofilm. 
La cinetique de biodegradation des polluants a ete analysee en terme de capacite 
d'elimination. Deux modeles cinetiques avec une structure mathematique similaire aux 
modeles de Michaelis-Menten et d'Haldane ont 6te valides. Dans les cas des biofiltres 
percolateurs, la capacite d'elimination du methanol s'est ajustee au modele du type Michaelis-
Menten, puisque les biofiltres percolateurs n'ont pas presente d'inhibition. Dans le cas des 
biofiltres traditionnels, la capacite d'elimination pour le methanol et le toluene s'est ajustee au 
modele du type Haldane puisque les biofiltres ont presente de 1'inhibition a concentration 
elevee de polluants. Les capacites d'elimination maximales estimees avec les modeles 
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cinetiques sont proches des valeurs experimentales. Le modele cinetique incluant un terme 
d'inhibition pour calculer la capacite d'elimination n'avait jamais ete utilise a notre 
connaissance. 
Une breve analyse des indicateurs energetiques des biofiltres avec et sans percolation a ete 
faite. Plus specifiquement, le taux de production de dioxyde de carbone a ete associe avec la 
difference de temperature entre le lit filtrant et l'environnement. Dans les biofiltres 
percolateurs, la solution nutritive agit comme regulateur de la temperature en absorbant et en 
emettant de la chaleur provenant de la bioreaction et de la pompe centrifuge. 
Le biofilm deVeloppe dans des biofiltres traditionnels a une composition elementaire moyenne 
de CH1.99O0.64N0.11 pour le methanol et de CH1.9gO0.44N0.is pour le toluene, ces compositions 
restant constantes pour toutes les conditions d'operation testees. Par contre, les chaleurs de 
combustion du biofilm suggerent que la composition du biofilm en terme des especes 
chimiques, telles les proteines et les exo-polysaccharides, n'est pas constante. Les chaleurs de 
combustion varient dans une gamme de 3440 a 4460 cal g"1 de biofilm. Ces donnees de 
composition elementaire et de chaleur de combustion du biofilm sont utiles dans le 
developpement des modeles mathematiques integrant une approche energetique. 
En resume, les etudes presentees dans cette these sont une contribution a une meilleure 
apprehension de la biofiltration avec et sans percolation et ont permis de developper de 
nouvelles methodes facilitant la caracterisation des proprietes physico-chimiques et 
biologiques des biofiltres. 
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